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FOREWORD

This report summarizes the work conducted by McDonnell Douglas Astronauti-s
Company-East (MDAC-E) in St. Louis, Missouri for the Structures and Mechanics
Division of the NASA Johnson Space Center (NASA-JSC) under Contract NAS9-13439,
"Data Correlation and Analysis of Arc Tunnel and Wind Tunnel Test of RSI Joints
and Gaps". This final report comnsists of two volumes: Volume I - Technical Report
and Volume II - Data Base. The period of performance was from 16 May 1973 thru
31 January 1974.

Mr. Donald J. Tillian was the NASA Technical Monitor for this study; Messrs.
H. E. Christensen and H. W. Kipp were the MDAC Principal Investigator and Study
Manager, respectively. Significant contributions to this study were made by
Dr. H. J. Brandon, Messrs. L. H. Ebbesmeyer, H. J. Fivel, D. A. Osborne and T. W.
Parkinson. The cooperation of numerous NASA Personnel at Ames Research Center,
Johnson Space Center and Langley Research Center in providing experimental data,
supplemental calculations and valuable counsel was instrumental to the success-
ful completion of this study.

The International System of Units is used as the primary system for all
results reported herein. Thre results are also reported in the British Engineering
System of Units which was used as the primary system for calculations made during

the course of this study.
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TRSI GAP HEATING

ANALYSIS VOLUME !
ABSTRACT

Heat transfer data measured in gaps typical of those under consideration for

29 JANUARY 1974

joints in Space Shuttle RSI thermal protection systems have been assimilated, analyzed é'

and correlated. The data were obtained in four NASA facilities, the JSC 10 MW Arc
Jet, the LaRC Mach 10 Continuous Flow Hypersonic Tunnel, the LaRC Mach 8 Variable
Density Tunnel and the Ames 3.5' Hypersonic Wind Tumnel. Several types of gaps

were investigated with emphasis on simple butt joints. Gap widths ranged froe 0.07

to 0.7 cm and depths ranged from 1 to 6 cm. Laminar, transitional and turbulent
boundary layer flows over the gap opening were investigated. The angle between
gap axis and external flow was varied between 0 and n/2 radiams. The "contoured"
cross section gap performed significantly better than all other wide gaps aad
slightly better than all other narrow gap geometries. Three~dimensional heating
variations were observed within gaps in the absence of external flow pressure
gradients. Heat transfer correlation equations were obtained for several of the
tests. TPS performance with and without gaps was compared for a representative

Shuttle entry trajectory. Experimental data employed in the study are summarized
in Volume II.
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ANALYSIS
1.0 INTRODUCTION

The reusable surface insulation (RS1) thermal protection system (TPS) for
Space Shuttle requires gaps at RSI joints to accomodate structural deflection result-
ing from loads and thermal expansion. In addition, allowance must be made for
manufacturing and assembly tolerances. At room temperature, gap widths under
current consideration are nominally 0.127 cm (0.050") + .038 cm (.015"). In orbital
operation, these may shrink to near zero during cold soak or grow by as much as 25X%.

The successful application of RSI material for Shuttle thermal protection is
significantly affected by entry heating within the RSI gaps. Gap width, depth,
crossection geometry, gap orientation, boundary layer state and surfare mismatch
are all known to affect convective heating within the gap and heat leakage to the
protected substructure. For instance, present study results indicate a .127 cm
wide flush transverse butt gap increases TPS thickness requirements by approximately
1/2 above the thickness required with no gap.

During 1972 and 1973, extensive tests of various gap configurations were run
by NASA to provide a data base for accurate assessment of gap heating. Data were
taken in both wind tunnels and in arc tunnels. In the present study, a large
segment of the available data (listed inm Figure 1) was analyzed and correlated to
obtain methods for predicting heating in the RSI gaps on Shuttle.

GAP_HEATING DATA SOURCES

INVESTIGATORS TEST FACILITY DATA DESCRIPTION
AND CONDITIONS
D. J. TILLIAN JSC 10 MW ARC TUNNEL LAMINAR B.L.; 60 RUNS; MULLITE
H. E. CHRISTENSEN | CHANNEL NOZZLE RSI MODELS; BUTT, CONTOURED,
(1972-1973 4.2 <M < 4.7 INCLINED, STEPPED BUTT AND OVER-
' Re m-! = 50,000 LAPPED BLOCK JOINTS.
D. A. THROCKMORTON | LaRC MACH 10 CFHT TURBULENT B.L.; 153 RUNS; THIN SKIN
H. E. CHRISTENSEN | MODEL TESTED IN MODEL; BUTT JOINTS WITH INLINE AND
(1973) TUNNEL WALL 6 STAGGERED GAPS; FLOW ORIENTATION,
Re m=1 = 3.3 X 10 TILE HEIGHT MISMATCH AND GAP WIDTH
VARIED.
C. B. JOHNSON LaRC MACH 8 VDT, MODEL LAMINAR AND TURBULENT B.L.; THIN
(1972) IN TUNNEL WALL AND FREE , SKIN MODELS; INLINE AND STAGGERED
STREAM BUTT JOINTS.
1.1X106 < Re m=1 < 40x10°8
W. K. LOCKMAN AMES 3.5 FOOT HWT FREE LAMINAR, TRANSITIONAL AND TURBULENT
C. B. BLUMER STREAM MODEL B. L.; 71 RUNS; FLAT PLATE THIN
(1973) 5.0 <M< 5.2 6 | SKIN MODEL; INLINE, TRANSVERSE AND
1106 < Re m~1 < 4.6X10° | SWEPT BUTT JOINTS.

1 Figure 1

MCDONNELL DOUGLAS ASTRONA'TICS COMPANY » EAST



S g e e~ et e s e - -

FINAL REPORT REPORT MDC E1003
LRSI GAP HEATING VOLUME | 29 JANUARY 1974
ANALYSIS

The following wajor tasks were performed during the study:
o Assimilation of gap heating data from NASA facilities
0 Analysis of the data to determine heating rates and sensitivities;
comparison of the various candidate joints
o Correlation of the assimilated data and the development of a gap heating
procedure which was applied to three Shuttle trajectories.
This volume describes the assimilation, analyses and correlations resulting from the
study as well as the conclusions serived therefrom. Volume II of this report
presents the basic gap heating data including a description of each test facility,
run schedule, test conditions and model descriptive information.

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST
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ANALYSIS
2.0 SUMMARY

This study of heat transfer data within gaps rvepresentative of those occuring
at joints in the Space Shuttle RSI thermal protection system was performed in three
tasks, namely, data assimilation, data analysis and correlation of results. High-
lights of these tasks are summarized in this section.

The data assimilation task entailed compilation and evaluation of the gap
heating data from sources listed in Figure 1. The experimental data were read from
magnetic tapes provided by the various test facilities ard transcribed into a uni-
form format in a gap heating data bank. To facilitate data retrieval and analysis,
24 attribute words were assigned to each heating data point. These attribute words
consisted of information such as test and geometry identifiers, instrumentation
locations, flow orientation, inviscid flow conditions and boundary layer parameters.
A computer program, named SELECT, was written to access the data bank to retrieve
selected data for further evaluation and analysis. The SELECT program was used for
preparing input data for the subsequent multiple regression analysis. The assimilated
data are compiled in a test data document which is the second volume of this final
report.

The data analysis task consisted of numerous sub tasks which included reduction
of temperature histories measured on RSI tiles in the JSC 10 MW channel nozzle to
heat flux by means of an inverse solution. These data were subsequently incorporated
in the data bank. Additional sub tasks included graphic data presentation, data-
theory comparison, sensitivity analysis and boundary layer calculations. End re-
sults of the analysis task included the identification of significant phenomena ob-
served in the test program and the preparation of data for correlation. One of the
salient results from comparing bondline temperature responses of the various joint
configurations tested in the JSC arc jet is the conclusion that whereas g:p geometry
is relatively unimportant for narrow gaps (0.125 cm - 0.050 in), for larger widths
the contoured joint provides significantly hetter heat protection than any other
jeint., The significant observation that gap heat transfer distributions in an array
of tiles is highly three-dimensional is based on data taken in the CFHT tests.
Finally, examination of gap data with laminar external boundary layers indicates
that no significant difference exists betwecn normalized heating rate distributions
obtained in arc jets and conventional wind tunnels. It remains to be seen if this
conclusion holds for turbulent external boundary layers.

Correlating equations for several important classes of gap heating were ob-

tained with the assistance of multiple regression analysis. Correlations were

3
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obtained for transverse gaps and in-line gaps in the presence of a laminar externmal
boundary layer using the data obtained in the JSC 10 MW Channel Nozzle. Two trans-
verse gap correlations for turbulent external boundary layers were obiained for data
from the LaRC CFHT and from the Mach 8 VDT. In addition, an equation was obtained
from the CFHT data describing the effect of flow angle on gap heating with a turbu-
lent external boundary layer.

An assessment was made of the influence of gap heating on TPS requirements for
& laminar external boundary layer using a representative Shuttle entry trajectory.
These calculations show an increase in RSI TPS thickness of from 30% to 40% is re-

quired to compensate for the adverse effect produced by butt joint gaps 0.075 cm
to 0.200 co (0,030 in to 0.080 in) wide.

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST
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3.0 TEST PROGRAMS AND DATA ASSIMILATION

The four test programs constituting the principal data base for this study are
summarized in Figure 1, Section 1.0. Volume II of this report contains - nlete
summary of the data which were assimilated. The sources of additions :ata a. ‘ack-
ground information are cited in the relevant portions of the text and listed in ihe
References. Terminology used in this report to describe gap configurations and tile
arrangements is depicted in Figure 2.

Gap heating tests .erformed in the channel nozzle of the JSC 10 mw Arc Tunnel
employed arrays of Mullite RSI tile which were heavily instrumented on gap surfaces
and in depth at the center of one tile In each array. The tests were designed to
provide heating data in the presence of a high enthalpy laminar boundary layer. The
gaps between the tiles were adjustable to study the effects of gap width using con-
sistent sets of instrumentation. Four gap settings were employed (0.127, 0.254, 0.381
and 0.762 cm) with tile t. .ckness of 3.175, 5.08 and 6.35 cm. Thirteen models
employing a variety of gap and tile configurations were tested. Figure 3 depicts
the arc tunnel and shows a 5.08 cm butt jo.at model. Also shown is a photo of an
earlier gap heating test in which the tiles were mounted on a wedge model holder
rather than in the wall of the channel nozzle. The matrix of configurations tested
in the channel nozzle and in the earlier wedge holder is also shown. Temperature
response data from thirty-six gap locations were analyzed to obtain beat flux using
the inverse solution technique as described in fection 4.2 Comparisons of tine heat
protection afforded by the various joint configurations tested appears in Section
4.1. A more complete description of the facility models, test conditions and data
appears in Volume II.

The gap heating tests conducted in the LaRC Mach 10 CFHT employed a wall-
mounted thin skin "tile" model. These tests provided data in the presence of
a relatively thick turbulent boundary layer. The instrumented thin skin tile
was surrounded by 2n array of uninstrumented RSI tiles. The model was mounted
on a turntable to permit variation of flow orientation relative to the tile array.
Figure 4 shows the instrumented tile, the surrounding matrix of uninstrumented
RSI tiles and the installation in the CFHT tunnel wall. A photograph of the

installation is shown in Figure 5. A total of 157 runs was made at a unit Reynolds

MCODONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST
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NOMENCLATURE
o SYSTEM INTERNATIONAL UNITS
o JOINT DESIGN BUTT CONTOURED INCLINED OVERLAP BLOCK
o DOWN STREAM SIDE OF gAp  -LhOMm A o IN-LINE GAP
L AN —» Lesdle,
o UPSTREAM SIDE OF GAp  FWOW ] “_| =

\l
FLOW — o &
|

o BUTT JOINT FwD STEp T-OW —"[;;g o IN-LINE TILES ~—j
FLOW =~ ©

o BUTT JOINT AFT sTep FLOW . .

o STAGGERED TILES L

L L o ¥ FLOW — S
T

|

t

\ L_jfz_‘t

Figure 2
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i LaRC CFHT GAP HEATING EVALUATION

RST TEST PANEL ’ ,./:’
ROTATIONAL PLATE -
TUNNEL DOOR

0 ADJUSTABLE GAP
o SHIMS FOR STUDYING MISMATCH
o 0 TO *90° ORIENTATION

-t

THERMOCOUPLE
LOCATIONS ' V7
' /
. 1
o 15.2x15.2 X 6.4 em [ AT 1fHT
37.6 staInLess sTeeL (321))| .- 1 1]

-! cm THICKNESS » 0.0254 cn | L2
/// N

‘L__ — i 81 - THERMOCOUPLES |~ T ¥
' MEASURING HEATING

DISTRIBUTION

o et o o = e

Figure &4
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LaRC CFHT GAP MOCDEL

1973
CALIBRATION PLATE
9 FLON ORIENTATIONS 0 TO n/2
4 GAP WIDTHS .127, .229, .457, .711 em
STEPS = 0, +0.254, - .168 cn
MACH = 10.3
Re/ = 3.28 x 108

1
157 TEST RUNS, DATA ASSIMILATED
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ANAL.YSIS

number per meter of 3.28 x 106. The test matrix included nine flow orientations
(0 to n/2 degrees), four gap widths (.127, .229, .457, .711 cm) and three step
heights (0, +.254, and -.1%8 cm). Analysis of the data is documented in Section
4.3 and correlation in Sections 5.3 and 5.4.. The test facility, model descrip-
tion test conditions and data are documented in Volume II. Additional documenta-
tion may be found in Reference 1.

Gap heating data were obtafned by C. B. Johnson in the LaRC Mach 8 Variable
Density Tunnmel (VDT) in the presence of laminar and turbulent boundary layers.

The models used simulated thin skin tiles which were mounted in a curved plate
which was tested both in the free stream and mounted flush to the tunnel wall.
In each model position, the test section unit Reynolds number was varied over
the range of 1.1 x 10% to 40 x 106 per meter; both in-line and staggered tile
configurations were employed. The tile geometry is shown in Figure 6. A total
of 22 test runs was assimilated; these results together with a detailed test
description are presented in Volume II and Reference 2. Analysis of the VDT
data is described in Section 4.4.

Laminar, transitional and turbulent boundary layers were encountered in the
gap heating tests conducted by W. K. Lockman and C. B. Blumer in the Ames 3.5 Foot
Hypersonic Wind Tunnel (HWT). The model consisted of a 68.6 x 152.4 cm carrier plate
into which 68.6 x 106.7 cm instrumented thin skin test articles were inserted. The
five insert configurations used in this test program are shown in Figure 7. The
configurations include a flat plate wused for calibration purposes, a single
transverse gap with and without a surface step, multiple transverse gaps, staggered
tiles and skewed intersecting gaps. The test program, the models and resulting
data are described in detail in Volume II and Reference 3. The analysis of the

Ames data i1n discussed in Section 4.5.

10
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LaRC MACH 8 V.D.T. GAP HEATInG TESTS

E STREAM AND TUNNEL WALL TESTS
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AMES 3.5 FOOT HWT GAP MODELS

s CALIBRATION PLATE SINGLE TRANSVERSE GAP
g
~— ] ~— —w g |
13
MULTIPLE TRANSVERSE GAP STAGGERED TILES
j __ v vy 1 e — . N |
30° ORIZNTED TILES o TEST VARIABLES
106Re/m = 1.4, 2.2, 3.2 AND 4.5
V m = 5.1
GAP WIDTH = 1.59 AND .318 cm
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ANALYSIS
4.0 DATA ANALYSIS

4.1 Heat Protection Ability of Candidate Joints - Comparisons of the heat

protection performance of candidate RSI joint configurations were made. These
comparisons were based on maximum bondline heat-up (temperature rise) rates
measured during tests in the NASA JSC 10 MW channel nozzle arc tunnel. Four joint
configurations were tested (butt, conto red, inclined and overlap block). The butt
joint was tested with forward- and aft-facing steps at the transverse joint and
with gap wall emittances of 0.6 (white) and 0.9 (black). The other configurations
were tested only with "white' walls. The term "white' walls is used throughout

the text and refers to tiles having white gap walls (¢ = 0.6) except for the first
0.635 centimeters down the gap, which is black (e = 0.9). Gap widths of 0.127,

0.254, 0.381 and 0.762 centimeters were tested for each combination of other test

S S 15ty R 1S BB L At s 1 st bk o

variables. Tile thicknesses of 3.18, 5.08 and 6.35 centimeters were tested, but

POV

not for all joint configurations. The high cross range shuttle orbiter A2ZP entry

heating rate-time historv was sirulated in the NASA JSC channel nozzle for each

vav mtn

test run. These test conditions resulted in a laminar boundary laver displacement

thickness of approximately 1.02 cm, a Mach number of approximately 4.5, and a
theoretical cold wall flat plate heating rate of up to 27.23 watts/cmz.

For 5.08 centimeter thick tiles, the rate of bondline heat-up in the trans- ;
verse gap for candidate joints is shown in Figure € as a function of gap width. :
The contoured joint affords the best heat protection. At large gap widths (up to
0.762 cm) the variation among joint types in heat protection ability is substantiil
with the forward-facing step (0.381 cm) model experiencing almost 1.78°K/sec at
0.762 cm gap width. This is in contrast to the aft-facing step which affords almost
as much heat orotection as the countoure< joint. Thermel response for transverse }
and axial gaps are compared in Figure 9. At small gans (less than 0.381 cm), the .
forward-facing side of the gap experiences higher bondline temperatures than the
shielded aft-facing side of the gap. For the widest gap (0.762 cm), bondline
heat-up rate is the same for both sides of the tramnsverse gan. Bondline heat-up
rate for this particular modcl showed that axial gap heating was lower than in the
transverse gap.

The data generated with butt joint models having tile thicknesses of 3.18 and :

s

6.35 centimeters and a gap wall emittance of 0.6 (vhite) are presented in Figures
10 and 11. Figure 10 presents bondline heat-up rates for the 3.18 centimeter
butt joints. As was expected, these data show a sharp increase in heat-up rate as

the gap was opened. There is no clear differentiation of heating in the transverse

RV TPy
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3.18 CM (1.25") BUTT JOINT BONDLINE
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6.35 CM (2.5") BUTT JOINT BONDLINE
TEMPERATURE RESPONSE
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ANALYSIS
gap as opposed to the axial gap, but the data unexpectedly indicate heating on the
upstream wall of the transverse gap to exceed heating on the forward-facing wall.
No data are available for the upstream axial location, due to instrumentation fail-
ure. The 6.35 centimeter thick tiles (Figure 11) provide more heat protection due
not only to increased insulation, but also to a reduced sensitivity to gap width for
most locations. Figure 11 shows that the downstream parallel gap location and both
of the transverse locations were insensitive to the presence of the gaps for widths
of 0.381 centimeters or less. Bondline heat-up rate (6.35 cm tile) at the upstream
parallel gap location shows approximately the same sensitivity to increased gap
width as do the parallel gap measurements for the 3.18 and 5.08 centimeter thick
tiles.

Padiation within the gaps is an important heat transfer mechanism which can be
modified by application of emittance-control coatings to the gap walls. Computer
simulations have shown that bondline heating can be reduced by increasing gap wall
emittance (Reference 4). The mechanism for this reduction is radiation from the
high-temperature near-surface areas of the gap walls to the environment. Especially,
for the mirrnr-image temperéture distributions of the axial gaps, increased radiation
between gap walls will tend to equalize temperatures thus raising the bondline tem-
perature, This equalization could, however, provide some relief for wide transverse
gaps where the upstream-facing wall receives significantly higher convective heating
than the downstream-facing wall. In that case, radiation from the hot to the coid
wall could reduce maximum bondlinextemperatures.

Figures 12, 13, and 14 present the data generated with butt joint models
with tile thicknesses of 3.18, 5.08 and 6.35 centimeters and a gap wall emittance
of 0.9. These data alsc show a strong sensitivity of joint bondline heat-up rate
to gap width and do not show either the axial or transverse gap orientation to be
consistently hotter.

A direct comparison of the "black' and "white" coatings is made in Figures 15
through 18. These figures show the expected decrease in bondline response with
increasing tile thickness for four gap set}ings. In most cases, the bondline heat-
up rates for a given tile thickness are similar for both the black and white coatings.
The test data show that bondline heat-up rates were equal or slightlv lower for the
high erittance walls with two exceptions. One exception could be due to a low
response rate (Figure 17 or 14) for the downstream axial gap bondline of the

6.35 centimeter tile set with the 0.381 centimeter gap setting. A more importuant

18
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3.18 CM (1.25") BUTT JOINT BONDLINE
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exception concerns response of the bondline of the downstream wall in the transverse
gap of the 6.35 centimeter thick tile set. For that tile set and location, a higher
bondline heat-up rate was recorded after applying a high-emittance coacing to the
gap walls. This inconsistency is unexplained, but is thought not to be attributable
to the increased gap wall emittance. The recorded temperature distribution on the
downstream gap wall (point C) is much higher with the "black'" coating than . f.a he
"white" ccsting (Figure 19). Two parallel, ! (gh temperature, high emittance walls

P

will experience high rates ¢“ radiant heat transfer. It would be expecced, there-
fore, that if the "black" coated downstream wall is significantly hotter than the
corresponding "white'" coated wall, the "black"” coated wall should also be hotter
than the "white" coated will on the upstream side of the gap. Comparison of data
taken on the upstream (poirt F) wall of the gap, however, show little difference
between the "black" coating and the "white" coating temperatures (Figure 19).
instrumentation on the upstream wall of the transverse gap is on the side of the
model (starboard side) opposite of that for the downstream wall (port side). There
is no reason, however, to expect that the heating to these two locations should
differ significantly. As a result, the high bondline heat~up rates measured on
the '"black" coated downstream wall of the transverse gap of the 6.35 centimeter
tile model should not compromise the conclusion that increased gap wall emittance
has little effect on bondline heat-up rate.

Review of the behavior of the butt joint data will provide some insight into

the o.served variations. For these tests, there are three primary parameters which
affect bondline response at the gaps:; 1) gap width to depth ratio, 2) scale of the
gap relative to boundarv laver thickness (e.g., the ratio of gap width to boundary
laver thickness), and 3) heat trensfer within or between tiles (i.e., conduction
and radiation). The first of these, gap geometry, has a strong influence on flow
struct re within the gap (Reference 5) and on radiation exchange between the gap
walls. It is therefore important to the distribution of energy deep within the
gap. The ratio of gap width to boundarv laver thickness is a4 determinant of the
portion of the houndary laver which mav be "captured" by the gap which, in turn,

t

defines the energy of the "captured" flow and the heating which results from flow
impingement on the gap walls. This parameter is, then, important to near-surface
heating distributions and total temperature of the flow within the gap. The third
factor, heat transfer within and between the tiles, determines how the convected

heat is distributed in the tiles and interacts with the convective heating through

26

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST

1 W eMmem B m—————




g PR e

P e

VOLUME | 29 JANUARY 1974

7. RSl GAP HEATING FINAL REPORT REPORT MDC E1003
ANALYSIS

TEMPERATURE DISTRIBUTION IN .38! CM

TRANSVERSE BUTT JOINT

FOR HIGH AND LOW EMITTANCE COATINGS

O BLACK WALLS (HIGH EMITTANCE),

Fe
CLIN ¥ 381 em TEST RUN 336

FLOW 37 &:és.as e NOZZLE

¥ 0 WHITE WALLS (LOW EMITTANCE),
TEST RUN 277
NASA-JSC 10 MW ARC CHANNEL

~
L

381 cm > b

: 0 o
f ta - o T
; ra3ed beaad sbes RPN 51 HE S 1t
; 1800 EESHURIHG ¢, DOWNSTREAM WALL 1! il
. iy 196 R4 198 geund rodnd $900¢ $544¢ I 9] bR Y $94
{ 1200 n st R il ,}j fifid
¢ f 2000 t tte ili;& iy 33: T e ;’ihil‘.: g{;;—y‘l 1ewe BYL Y VE‘M
] 3 o ved [RSE] rexs] B%s eEH $33s el i
; 1000 ;d ;LL: TR e 3358 B BT b it
: jd8es iguet RS5S RO0 Peetd i 284 10
: ]500 ’ i ,;t: I uﬁa?& .y . : ; :
‘ 800 e ie il I 1 W L B
| 6001 on Bl it L
i ]000 2 -] n": S F30ed &
; s :_{E ESERS - 9038 § ass
f 400 2eas soasd IO
; SHEH
: 500 revgs .::: 3 :
; w 200 [ TTIE E—;-t ) :
: I~ 13253 3ess JEeh b i 1t N IBE
; ':2 o 3 vers :;‘ : "‘H-H - 4 S
! = 0 0.5 2.0 2.5 3.0
|1
§ E-" zsm ot f»;f.l ‘ ' &, l L f€ . K. N o i
1400 31 ioile b STREAM WALL _[:ilii:):
1000 IR, NEY (R BN
s50r VRl RAER
go0} 1500 ‘
600 | 1351 M i o PRI
1000 p=t—t—
N RS, ¥
] 400 } i ’
200p S00FT
0t 0 N i raess A OO
9 2.0 2.5 3.0 (INCHES)
) - P
0 6 (cm)
Z - DEPTH Figure 19
: 27
MCDONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST
o .
/
Ty . X

. SREVACIIRYY Y

oy

[PV R

[YRIEN

o b v ate abat

B g i SRR I

ity ot



FINAL REPORT REPORT MDC E1003
,:ﬂA(:_AYPngATmG VOLUME ¢ 29 JANUARY 1974

the effect of wall temperature or driving potential (Tpy - Ty). The butt gap
bondline heat-up rates consistently increase with gap width (Figures 10 through

14) clearly showing that deep, narrow gaps inhibit penetration of the hot external
flow. These data also show a consistent decrease in bondline heat-up rate as tile
thickness is increased demonstrating insulative properties even in the presence of
joint gaps. This is especially dramatic considering that the largest gap (0.762 cm)
tested with the 6.35 centimeter tiles has a heat-up rate which is approximately
equal to the heat-up rate of the smallest gap (0.127 cm) with the 3.18 centimeter
tiles. In other words, doubling the tile thickness compensates for a six-fold
increase in gap width.

Examination of the temperature variations along the gap wall from tile sur-
face to bondline show the expected monotonic decrease. These data indicate,
however, that the characteristics of the temperature profiles measured in axial
gaps differ from those measured in transverse gaps. Temperature profiles were
compared at times corresponding to peak surface temperatures. These comparisons
showed the axial gap temperatures to be higher near the surface, but to decay more
rapidly than those of the transverse gaps. This is most likely due to a greater
penetration of the laminar boundary layer into the long axial gap as opposed to
more efficient mixing of the highly vortical flow in the transverse gaps. A
general conclusion relating bondline heating severity to joint orientation cannot
be based on this observation alone because the variation of gap heating with
environment and gap dimensions is not the same for axial and transverse gaps.
Figures 10 through 14 show that either gap orientation may be the more severe,
depending on the exact circumstances. The axial gaps have a length to depth
ratio ranging from 3.7 to 7.5, which approaches geometries for which flow has been
observed to reattach on the floor of two-dimensional transverse slots (Reference
6). The heating in the axial gap would, therefore, be mucn higher if the flow were

not restricted by the small width of the slot (less than one boundary layer
thickness). In-depth temperature distributions down walls of the axial gap show

higher near-surface heating at the upstream location. This is probably due to
the proximity (5.74 cm) of the downstream instrumentation to the aft closure

of the axial gap. This closure forces the flow in the gap either to recirculate
or rejoin the external flow. Since near-surface heating on the walls of the

axial gap controls bondline response (Reference? ), the flow which expands into
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the gap and is attached to the upper surface of the vertical walls is of primary
importance. The portion of the vertical wall exposed to the att.ched heating
increases in the downstream direction up to the point where the gar cnd closure
begins to force the flow back out of the gap. This flow structure shifts both

with the ratio of gap length to depth and with the ratic of gap widib to boundary
layer thickness (the boundary layer must "wrap" around the gap cormer). This
shifting will cause the axial location of the most severe bondline heat-up rate

to vary and introduces a sensitivity of test results to instrumentation location.
The location of the instrumentation in the transverse gaps should Le less important
since flow in those gaps is more nearly two dimensional, except in th= vicinity of
the intersection with the axial gap. As a result, it can be expected tiat compari-
sons between axial and transverse gaps may be misleading since the instrumentation
in the axial gaps will not always be in the most severe location.

Manufacturing tolerances, structure deflection, etc., can cause either forward-
or aft-facing steps at e transverse gaps. Both these configurations were tested
by using two upstream butt-gap tiles of 5.08 centimeter thickness and two downstream
tiles 5.46 centimeters thick te create forward-facing steps or two downstream tiles
4.70 centimeters thick for aft-facing steps. The results of these tests are illus-
trezed in Figure 20 and compared with results of the tests of 5.08 centimeter
thick butt-joint tiles with flush surfaces. For small gap widths, both forward
and aft facing steps produced bondline heat-up rates lower than those of the flush
tiles. The aft-facing steps provide better thermal protection due to the shielding
effect while the forward-facing step is cooler because of the thicker tiles (5.46
cm as opposed to 5.08 cm). As the gap is opened, the aft-facing step maintains
lower response rates, but the forward-facing step experiences bondline heat-up
rates which increase to levels well above those of the flush tiles.

Alternate gap configurations also offer an opportunity for reduction of gap
heating. Three configurations, the contoured, inclined and overlap block in addition
to the butt joint were tested in the NASA JSC 10 MW Arc Tunnel. In each case the hot
external flow is denied a direct path to the gap bottom. None of these configurations
is an unqual’ified success, yet all achieve a reduction in bondline response at some
instrumented location. Test data for 5.08 centimeter thick tiles of each candidate
joint configuration are compared next and related to the 5.08 centimeter butt joint.

The measurements taken with the inclined joint tile set (Figure 21) exhib_t a
particularly wide range of sensitivity to gap width depending on instrument location.

All locations ure essentially equivalent to the butt joint performance (Figure 11)
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EFFECT OF FORWARD- AND AFT-FACING
STEPS ON BONDLINE TEMPERATURE
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ANALYSIS

at a gap width of 0.127 centimeter. As the gap is opened, however, the heat-up rate
of the upstream axial location quickly increases to a level well in excess of the
heat-up rates experienced during the butt joint tests. The data taken at the bond -
line of the downstrearrfacing transverse gap wall remain at relatively low levels for
all gap widths and data taken at the other two locations are roughly equivalent to
those of the butt joint configuration. The contoured joint configuration (which was
more complicated) produced the least sensitivity to gap width of any of the con-
figurations tested (Figure 22). It is also the only configuration for which bondline
heat-up rate varies significantly with location for the 0.127 centimeter gap width.

This configuration does, in fact, experience higher bondline heat-up rates in the down-

stream axial gap at widths of 0.127 and 0.254 centimeter than does the butt joint.
With the largest gap width, though, the contoured joint provided significantly
improved heat protection at all locations, compared to the butt joint. The

overlap block configuration creates a tortuous path for gas circulating from the
surface to the bondline. Figure 23, however, shows that the RSI filier bluck

which is used to create that devious path suffers quite a high bondline heat-up rate.
By referring to Figure 13 one may see that the other locations hold no advantage
over the simple butt joint configuration. The results of these tests indicate,

then, that if small gap widths can be achieved, little can be gained by use of

joint configurations more complex than the butt joint. If gap widths approach the
local boundary layer displacement thickness (about 1.016 centimeter for these tests),
use of the contcured joint configuration may afford considerable relief and forward-

facing steps at the joint may exact a considerable penalty.
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4.2 Heating Rates in RSI Models of Gaps - Heating rate calculations u.ing tne

RSI-gap thermal response histories mearured during a test in the JSC 10 MW Arc
Tunnel Channel Nozzle ~oncentrated on a graphical description of “he various moues
of heat transfer in the gap, and on a detailed description of radiant heat exchange
within the gap. Radiation exchange between the faces of a gap is important because
relatively high temperatures (816°C or more) are experienced at depths of more than
1.27 centimeter. Preliminary data indicate that convective heating at such depths
is on the order of 0.113 watts/cmz. For example a 8.3°C difference between two in-
finite plates (each with a 0.6 emittance) at 816°¢ produces about 0.113 Wat.s/cm2
net heat transfer. The 8.3°C is o ly a 12 change.

The radiation exchange modeling was refined by increasing the number of nodes
on the gap wall from 8 to 1°. Smaller area nodes are particularly helpful because
they allow view factors and the nodal temperatures associgted witu them to approach
the ideal condition of an infinitesimal elemc.t model. In modeling a 6.35 centi-
meter thick specimen, node lengths were decreased from 0.794 to 0.353 centimeters.
alleviating the situation where large nodes are used in an analysis of a small gap.

In the case of large nodes, the only significant view factor may be with the opposite

node, virtually eleminating the opportunity for emitted or reflected energy to be
transferred down the gap. Node size in the thermal model was varied so that the
smallest nodes occurred in rhe region of highest temperature.

In Figure 24, the heat transfer for the wail of a typical gap is segregated
into its three components: convection, radiation and co.duction. Information on
this figure was obtained by solving for each component in a series of computeyx
cases. This curve is plotted on cartesian rather than sevmi-logorithmic paper in
order to show the comparative magnitude of each compcnent. The figure is for run
285 in the JSC 10 MW Arc Channel. The specimen was a 3.18 centimeter butt joint
with a 0.381 centimeter gap. The location analyzed was a forward facing transverse
wall. The test was analyzed using the model with 18 nodes down the gap, using the
inverse solution method described in section 4.2.1. Temperatures for the un-
instrumented wall of the gap were set equal to the values of the correspondi.g
nodes on the instrumented wall. Heat fluxes less than zero indicate eneryy leaving
tre surface at that depth. The conductive flux consists of two parts, the con-
duction between adjacent coating nodes and conduction into the RSI, normal to the
surface of the gap wall.

The convective heating and radiative flux shown in Figure 24 are large at

the to» of the gap and their distributions approximately mirror one another. By

35

MCDONNEL L. DOUGEI AS ASTRONNUTICS COMPANY » EAST

3
B R q«'v:d'i

o

res 1 Bls oA Y,

i

2

R T

. oon

P NP

by

de ot b

2 e G e A

S ARt

R e T R I



o T T A WS A e o M ANt At S i et £ TR

FINAL REPORT REPORT MDC E1003

):E‘A:LAY2|';EAT|NG VOLUME | 29 JANUARY 1974

HEAT FLUX COMPONENTS COMPUTED FOR
3.18 CENTIMETER RSI BUTT JOINT MODEL
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approximately 0.508 centimeters into the gap the convective and radiative heat
tluxes are small and their distribution into the depths of the gap can be computed
using identical thermal histories for both walls of the gap. The net coanductive
flux has the greatest magnitude near the top of the gap as expected but much smaller
than either the radiative or convective components. The negative net conductive
flux at the top of the gap is indicative of a temperature distribution which is
approaching steady state and the remainder of the conduction curve is most likely
due to the transient thermal response of the RSI. During peak heating, the gap

wall is hotter at every depth than laterally adjacent RSI material so the conduction
in the normal direction is always negative.

Figure 25 shows the results of a study to determine the impact of uncertainties
in gap heating rate distribution on shuttle TIPS performance. The TPS system
ana.yzed is depicted on the figure. LI-900 properties were used for the 7.62
centimeter thick RSI tile. A 0.635 centimeter sponge strain isolator was used.
Shuttle altitude and reference heating rate histories corresponding to entry
trajectory 2689 were used. A heating rate multiplier was applied to the reference

heating rate, such that at peak heating a radiation equilibrium temperature of

o . . .
1260°C was obtained. A ratio of qLOCAL/qSURFACE as a function of depth in gap
chosen on the basis of preliminary data is shown on this figure.

The heating rate versus depth curve was carried down the full 7.62 centimeters
(Point A) in one computer case. The curve was stopped at points B, C, and D for

others with a pair of cases run for each point. In one case of the pair, the curve
Jdroped to zero (no heating) below the cut-off point. In the other the 9 ocaL/ISURFACE
value at the cut-off point was retained down to the gap bottom. For these seven
cases the teﬁperature at the LI-900/sponge bondline on the gap wall is computed
for 1800 seconds and plotted as a function of the cut-off depth.

Bondline temperature is a factor which must be controlled through proper TPS
design. The adhesives and strain isolation sponges available for this type of
system have relatively low temperature capability compared with the RSI to which
they are applied. The results of this analysis give an indication of the level at which
gap heating ceases to be a significant factor in determining bondline temperature.
The cut-off point can be regarded as a hypothetical point in the gap above which
convective heating rates are known, and below which they are uncertain. An
extremely conservative design approach would be to assume the value remains constant
from that point. A nonconservative approaci would be to assume no heating below

the cut-off point. The true heating rate distribution, lies between these two
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assumptions. For this case the two curves do not diverge strongly unless the cut-
off depth is less than 2.54 centimeters. For this situation, it is obvious that if
the heating rate distribution is known accurately down to a depth of 2.54 centimeters
= 0.002), the il! effects of uncertainties below that are winimal.

(9 0car/9surrace
The extrapolation to point A is essentially equivalent to setting qLOCAL/qSURFACE =0

at these cut-off points. It should be noted however, that an extrapolation of the )
heating rate curve into the uncertain region would be more accurate than either ]
extreme alternative. Also the heating rate distribution curve chosen for the
analysis is somewhat arbitrary but extremely important in determining the results
of this analysis. A more severe curve needs to be known accurately to a greater
depth than a less severe one. The effect on bondline temperature is a function
both of cut-off point and heating rate magnitude at that poiat.

4.2,1 Comparison of Heating Rate Distributions in RSI Models of Gaps - The

convective heating analyses of gap tests contained in this section were performed
in the NASA-JSC 10 MW Arc Tunnel facility utilizing series of adjustable RSI

models installed in one wall of a channel nozzle. Convective heating in the gaps

between tiles was calculated using the MDC General Heat Transfer Program inverse

solution technique. A description and the method of utilizing this technique are

bt e s hes iy

given in the following paragraphs.

Data available from RSI tile tests exist in the form of temperature responses
from thermocouples situated at known locations on the RSI surface and gap walls.
The inverse solution technique uses these measured temperature histories as boundary
conditions to compute required heat flux. In the thermal models used for this
study all heat transfer mechanisms, except convective heating, are described

analytically and the convective heating is computed.
Because previous analysis work done under Contract NAS9-12854 has shown that

heating rates deep in RSI gaps will be relatively small, a thermal model is used ;
which can accurately represent modes of heat transfer present during the tests so

that the inversely-derived heat flux is due to convective heating alone. Conduction

and radiation may account for greater transfer than convection for gap nodes near

the TPS bondline, so large errors in modeling these nodes cannot be tolerated. The

technique of thermally modeling the RSI joints developed during NAS9-12854 has been

improved. The gap thermal model (Figure 26) consists of 130 nodes and contains the

RSI tiles, the waterproof coating, the adhesive, supporting substructure, the §
opposite wall of the channel and the fixture enclosure. This particular model can

be easily configured for a burt, inclined or contoured joirt by changing only key
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dimensions v(1,2,3,5,6,7 and 8) shown in the figure. A subroutine automatically

recowputes nodal dimensions. Conduction is modeled in two dimensions within all

materials and between adjacent materials. Heat storage is modeled for all specimen
nodes. Radiant heat exchange between all surface nodes is modeled using a radiosity
network which accounts for radiant emission, absorption and reflection. The

radiation view factors between surface nodes are automatically recomputed by a sub-
routine to account for thermal expansion which changes the gap width. The gap width i
is also automatically recomputed and will be used in the data correlation. Data ﬁ
tapes received from the test facilities were converted to binary form for more com- s

pact data storage. The measured temperatures which were recorded on magnetic tape

during the various tests were input to the computer model. Second-order inter-
polation of these temperatures is used to obtain temperature boundary conditions
for the inverse solution zalculation.

The temperatures within the four RSI tiles of the joint ..odel were obtained
from measurements through an instrumented plug in one of the tiles. These temper- ;
atures within the RSI tiles had a different value than the gap temperatures at a '
given depth, and therefore were required to account for conduction irom the gap
wall into the tile. Anomalies in thickness and thermal properties of the RSI
coating along the gap wall were accounted for by a nulling process which utilized
temperatures obtained during the Argon preheat phase of the test run.

Convective heating results for the transverse and in-line gaps wev: obtained for
the butt and inclined joint configuration. Four gap widths (0.127, 0.254, 0.381,
and 0.762 centimeter) and three tile thicknesses (3.18, 5.08, and 6.35 cm) were
analyzed for the butt joint configuration. The inclined joint was analyzed for
the 6.35 cm tile and all gap widths. Heating distributions for the downstream wall
of the transverse gap for the butt joint configuration are shown in Figures 27,

28, and 29. The data on Figures 27 and 28 are presented in rectilinear and
semi-log coordinates to emphasize the low magnitude of convective heating in the
transverse gap at depths beyond 0.762 centimeter for the arc heater environment
produced by the 10 MW facility. In comparing these figures it is seen that heat-
ing drops off rapidly down the gap. heating increases with gap width and penetrates
deeper into wide gaps, and that for a wide gap (0.762 cm) the heating rate ratic
near the top of the gap can be higher than 1.0. Figure 30 is another way of
presenting the above data, as a function of gap width, and indicates that for most

conditions increasing gap depth lowers the gap heating distribution.

)
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BUTT JOINT HEATING RATE DISTRIBUTION
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ANALYSIS

In-line gap heating distributions are shown in Figures 31, 32, and 33.
Figures 31 and 32 are for tiles upstream of the transverse gap for tiles 5.08
and 6.35 centimeter thick. The data presented in Figure 33 is for the 3.18
centimeter tile, but for a location downstream of the transverse ga). The upstream
location was not analyzed because of insufficient thermocouple data. A comparison
of the data for the two type gaps indicates that heating in in-line gaps is higher
than transverse gaps for some combinations of gap width and depth. At a depth of
0.2 centimeters into the geso, the heating is slightly higher than the transverse
gap for all gap widths. For the wide gaps (0.381 and 0.762 cm) heating is some-
what higher than the transverse gap from 0.2 tc 0.7 centimeters. Heating for the
6.35 centimeter tile and a gap width of 0.762 centimeters is considerably higher
than the transverse gap and also considerably higher than the other gap widths
when comparing the data to other tile thickness. When cowmparing Figure 34 to
Figure 30 heating down the gap wall from 0.2 to 0.6 centimeter, the in-line gap
is more sensitive to gap width than the transverse gap.

Figure 35 is a schematic of the butt joint wodel with a forward facing step
depicting boundary layer flow trends and recirculation patterns in the transverse
gap. Heating distributions for a wide and narrow gaps is shown in Figure 36 for
a 5.08 centimeter tile. For the narrow gaps (0.064, 0,191, 0.317 cm) the heating
near the top of the gap stagnates, increaging the heating rates. Since the gap is
small, heating does not penetrate rapidly into the gap, therefore the heating falls
off rapidly to 0.9 centimeters with the heating increasing gradually below that point.
For the wide gap (0.7llcm) the heating takes on a different distribution. Since the
gap is wide the heating near the top gets relief from the wide gap below, which
causes heating to recirculate and penetrate deep into the gap. This distribution is
significantly higher than the 1arrow gaps. Because the step distorts the gap heating
distribution, significant increases in beating occurs. Figure 37 shows a comparison
of downstream transverse gap heating for a butt joint model with and without a for-
ward facing step. Heating along the gap wall can be an order cf magnitude or more
greater than for a flush model.

Convective heating anaiyses for an inclined joint model were performed for
the dovmstream side of the transverse gap and for an in-line gap upstream cf the
transverse gap. The tiles were 6.35 centimeters thick. The heating distributions
are very similar to the butt joint., Tne transverse gap as seen in Figure 38 shows
that the heating for the inclined joint is slightly grearer and more sensitive to gap
width from 0.1 to 0.7 centimeter depths., The 0.706 gap width heating is greater than
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the butt joint to a depth of 1.0 centimeter into the gap.
The three narrow gap widths (0.099, 0.225, and 0.352cm) for the in-line gap

show that the heating for the inclined joint is also slightly greater
The wide gap

[ ks s T

(Figure 39)
and more sensitive to gap width from 0.10 to 1.0 centimeter depth.

(0.732-m) is nearly the same as the butt joint down to a depth of 0.8 centimeters.

The heating below this depth is less than the butt joint configuration.
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4.3 Analysis of Mach 10 CFHT Tests of Gap Model - Heat transfer data were
taken on a 15.2 x 15.2 X 6.4 cm thin skin tile in the wall of the LaRC CFHT. The

test setup is shown in Figure 40. The test article consisted of a panel with six

RSI tiles surrounding the highly instrumented thin skin tile. The test panel was
located on a rotational plate on the tunnel sidewall such that the flow angle could
be varied over the test panel. All tests were conducted at a Mach number of 10
and a unit Reynolds number of 3.3 x 106. LaRC performed calibration runs in support
of a McDonnell Douglas sponsored program to measure heat transfer data on a cor-
rugated panel model mounted on the tunnel sidewall., As part of that effort, flat
plate heat transfer data were taken. Figure 41 presents the measured heat trans-
fer distribution in the vertical direction on the flat plate mounted on the tunnel
sidewall. The distribution shown is based upon three data runs. A significaat
variation in the heating across the flat plate is observed. This tunnel characteris-
tic has been attributed to the square nozzle and test section which results in a
slight flow convergence toward the center of the tunnel sidewall. Data taken on
the corrugated panel exhibited a similar spanwise heating gradient to that observed
on the flat plate. Normalizing the corrugated panel heat transfer coefficients )
by the flat plate coefficients resulted in successful collapsing of the data in
the spanwise direction. This result is demonstrated in Figure 42 which compares
absolute and nondimensionalized heating distributions on a wave at two spanwise
locations. Because of this previous experience in correlating the corrugated panel
data, the gap heating data, taken at the same test condition were normalized by
the measured flat plate heat transfer coefficients. A representative heating dis-
tribution on the thin skin tile is shown in Figure 43. These data were normalized
by a constant flat plate heat transfer coefficient measured at the center of the
flat plate in the calibration runs. All data received from LaRC were in this form
(H/Ho). These data were taken from Run 14 which had a staggered tile arrangement
and a gap width of 0.229 cm. Three heating distributions are shown for three
spanwise locations. Figure 44 presents the same data normalized by the measured
flat plate heat transfer coefficients.

Included in the data analysis are the following:

a) Evaluation of data reduction metheds including the effect of neglecting

conduction on measured heating rates.
b) 1Inline vs. staggered tile heating patterns.
¢) Effect of gap width on tile heating patterns.
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HEATING ON TILE IN CFHT NORMALIZED BY
THE MEASURED FLAT PLATE HEATING
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ANALYSIS
d) Effect of flow angle on gap heating patterms.
e) Effect of steps on tile heating patterns.
4.3.1 Analysis of Thii Skin Model - The method used to calculate heat transfer

coefficient: for these tests employed the slope of the temperature-time curve at
selected times to solve for the heat transfer coefficient using the following

equation:

pCp X (dTw/d®)
d =

where X = _kin thickness

(Taw ~ Tw)

Two times were selected for data reduction for each thermocouple during these tests.
By plotting various measured temperatures in the gaps, LaRC personnel determined
that erratic temperatures were recorded for many thermocouples during a period of
0.35 to 0.45 seconds after insertion of t° test article into the wall. This can
be attributed to the f.nite time required to establish flow in tbe gaps. Therefore,
the first time selected for data reduction was 0.50 seconds after the test article
reached the tunncl wall. A second time was alsc selected which was 0.50 seconds
after the first time or 1 " seconds after tile insertion. The temperatvre-time
derivative (dT/d9) is obt..ned by taking the slope of a least squares quadratic
curve fit througn ten seconds of data obtained for each thermocouple. The initial
point of the curve fit interval is the time selected for data reduction, i.e.,
0.50 seconds and 1.0 second. Ten seconds was selected as the curve fit interval to
obtain data deep in the gaps where heating levels are low. The curve fit expressions
.re of the form:

Tw=a+bo+c 82 and dT/d6 = b + 2c ©
where a, b, @nd ¢ are constants. The yuantities Tw and dTw/d® a-e evaluated at
the initial point of each curve fit., Two heat transfer coefficients are computed
for each value of dT/d® based upon two values of adiabatic wall temperature, 1i.e.,
Taw/TT = 0.895 and 1.0, All data in this sectica are based upon Taw/TT = 0,895
because the boundary layer was turbulent for all tests. Also all data presented
in the following figures were evaluated at 0.50 seconds after test article iaser-
tion was complete.

Figure 45 presents two typical measured temperature histories on the down-
stream face of the thin skin tile. The selected data are from Run -4 which employed
the staggered tile configuration with gap widths of 0.229 centimeters. The first
thermocouple into the gap was channel 20 (0.414 cm from the surface). The slopes
evaluated from the curve fit for both 0.50 and 1.0 seconds after inserti.n are

shown and compare favorably with the raw temperature data. Also the two slopes
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MEASURED TEMPERATURES IN GAPS AT CFHT
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are nearly equal indicating a linear temperature response. All thermocouples
where a significant temperature rise occured exhibited this type of temperature
response. Thermocouple channel 55 is on the next level into tue gap 1.113 cm
from the surface). The measured data for channel 55 shows a temperature response
which is an order of magnitude lower than channel 20. Also, the temperature re-
sponse was low enough that the '"noise” from the data recording system was observed
in the data. By taking a large data sampling (10 seconds) the data could be curve
fit and dT/d9 evaluated at the two selected times. The slopes derived from the
two curve fits are reasorable when compared with the raw temperature data. The
third through the sixth rous of thermocouples anad a tewperature response so low
that the "noise” from the data recording system was greater than the temperature
rise over a ten second time interval. A significant number of thermocouples
in the gaps had such a low signal to noise ratio that the data were not included
in the analysis.

4.3.1.1 Conduction Sensitivity Study - A study was made to examine the eflect

of including conduction in the calculation of heating rates from wird tunnel tests
that employ thin skin tiles. Data from Run 14 of the CFHT were selected for this
purpose. An eight (8) node thermal model was formulated to describe the heat
storage and heat conduction characteristics of a section through the thin skin
tile for the temperature distributions shown in Figure 46, For each node in the
thermal model there is a corresponding thermocouple on the thin skin tile which
was used to define the nodes' temperature history. Hand fairiugs of the temper-
ature histories were input into tne General Heat Transfer Computer Pr gram along
with the thermal model descriptors and an inverse solution was performed to cal-
culate a heating rate for each node. Figure 46 depicts the spanwise temperature
distribution across the top ind down the side of the tile. Two distributions are
shown which correspond to the two times when LaRC provided heating rate data. These
times are 0.5 seconds and 1.0 second after the test article insertion. Jignificant
feature of the temperature distributions are the two sharp "knees"” in the curve
which i{ndicate transient conduction effects might be expected at those nndes.
Figure 47 shows the effect on calculated heating rates of excluding and
including conduction in the thermal model, This figure is for 0.5 second
after insertion. The heating rates for the "no conduction" case consider only
the heat storage term and are comparable with the data reported bv LaRC. The
differences between these data are due to the techniques used in fairing the

temperature histories. The technique utilized by LaRC consisted of least squares
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curve fit of the temperature histories while hand-faired histories were used with
the 8 node thermal model. When conduction between nodes is included in the analyses,
the surface node near the top edge of the tile and the second node into the gap
were the only nodes to show any appreciable effect. The top surface node showed
a 5% increase in the calculated heating rate when conduction was included. The
first node down the gap showed no effect of conduction. This is because the heat
being conducted away from the node is nearly equal to the heat being conducted
into the node (see Figure 46). The second node down the side of the tile shows
a significant effect of conduction on calculated heating rate. When conduction is
included in the thermal model the calculated heat flux is negative (cooling). This
means that the measured temperature rise of the thermocouple with time is too small
to account for the net heat gain of the node due to conduction alone. Therefore,
cooling was required to balance energy at that node. The remaining nodes showed
no appreciable effect of conduction on calculated heating rates. Figure 48 shows
heating rates calculated 1.0 second after insertion of the test article into the
wall. The rame trends appear at this time as in tne earlier time. Th. top surface
node near the edge of the tile has a 7% increase in calculated neating rate when
conduction is included. The second node down the side of the tile has a negative
heating rate when conduction is included in the thermal model. The other nodes
show no appreciable effect of conduction on calculated heating rates.

The data reduction method custom.-ily used in thin skin model testing considers
only the temperature rise rates and the Jocal heat stecrage characteristics of the
thin skin material. Therefore, the thermocouple/recording system is not generally
calibrated against known temperatures. In order to include conduction effects,
the absolute value of the temperature is required such that temperature differences
between adjacent thermocouples can be computed. NASA LaRC has investigated the
characteristics of the thermocouple/recording system used in the CFHT tests to
provide additional information to aid in evaluating conduction effects.

A test was conducted by NASA LaRC to investigate the characteristics of the
thermocouple/recording system consisted of measuring temperatures on the thin skin
tile at essentially isothermal conditions. The thin skin tile was suspended in an
insulated box which was equipped with heaters. The thermocouples were conn:cted
to the recording system in exactly the same manner as during the CFHT tests. The
box was heated until the tile reached 65.9°C and then the heaters were tumed off.

Figure 49 presents data taken at half hour intervals after the heaters were turned
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ISOTHERMAL TEST DATA FOR THIN SKIN TILE
USED IN CFHT TESTS

| TIME (HRS)
0.5 1.0 1.5

AVERAGE TEMPERATURE (°C) 38.667 31.494 28.339
MAXIMUM ADJACENT aT (°C) .7556 7222 7222
AVERAGE ADJACENT aT (°C) .1456 .1356 1322
NODE 1 TEMPERATURE - T/C #27 (°c) | 38.533 31.399 28.138
2 44 38.171 31.122 28.012

3 70 39.078 32.032 28.923

4 75 38.473 31.373 28.232

5 74 39.229 32.095 28.923

6 73 39.319 32.064 28.986

7 72 39.199 31.969 28.734

v 8 Y Ny | 39.319 32.064 28.892

Figure 49
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off. The average temperature, maximum temperature difference between adjacent
thermocouples and the average temperature difference are shown for all thermo-
couples on the tile. Individual data readings shown are for each thermocouple

used to deline tte thermal model temperatures. It can be seen that the temperature
recorded for node 4 (second node down the gap) is considerably lower than the rest
of the gap nodes (nodes 3 through 8). This node is where negative heating (cooling)
was computed when conduction effects were included in the thermal model. It was
decided to re-run the sensitivity study using the thermal model with a 4T applied

to each nodes'temperature history. The delta temperature (AT) that was used was

the difference between the average temperature of the tile and the individual thermo-
couple temperature at 1.5 hours after the heaters were shut off. TLis time was
selected because the temperatures were nearest the tile temperature when heat trans-
fer data were taken during the test. Also the box is nearly adiabatic at .he

later time. Figure 50 shows the temperature distribution used in the previous study
at 0.5 seconds after tile insertion and the revised distribution aftet the AT was
applied to each node. The revised temperature distribution is seen to be much
smoothe than the original distribution with the resultant eliminat.on of the

"knee" in the curve that existed at node 4.

Figure 51 shows the effect on calculated heating rates of excluding and
inclu‘ing conduction in the thermal model using the revised temperature distributions.
The data shown in this figure is f.r 0.5 second after tile insertion. The heating
rates for the "no conduction" case consider onlv *he heat storage term and are
comparable with the data reported by LaRC. T!. .erences between these data are
due to the techniques used in the fairing of the temperature histories. The
technique used by LaRC consisted of least squares curve fit of the temperature
histories while hand-faired histories were used with the 8 node thermal model. When
conduction is included in tite thermal model analysis, the surface node near the
top edge of the tile showed an increase in calculated heating rate cf 8.5%. The
calculated heating rates in the gap are generally lower when conduction is included.
The negative heating rate that was calculated at the second node into the gap in
the previous analysis (node 4) has been eliminated by using the revised temperature
distributions. However, the heating distribution down the gap is still not a smooth
function when the heating rate reaches very low values.

It hzs been shown that by including conduction in the data reduction of thin
skin tiles can affect the resultant data. However, the best technique for including
such a calculation in the data reduction program is not ovvious. It would be

advisable in future tests of thin skin tiles where low heating rates are expected
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TYPICAL SPANWISE TEMPERATURE DISTRIBUTION
ON TILE IN CFHT
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EFFECT OF INCLUDING CONDUCTION
ON CALCULATED HEATING RATES IN CFHT
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(i.e., deep in the gaps) that the thermocouple/recording system be calibrated to a
known temperature such that conduction effects can be better evaluated. It is
recommended that the heating rates neglecting conduction (i.e. data obtained {rom
Langley) be used in gap heating data correlation because this gap heating data is
higher than when conduction is included in the analysis.

4.3.2 Heating Patterns, Inline versus Staggered Tiles - Data were taken on

the thin skin tile with two basic tile arrangements. These arrangements are re-
ferred to as staggered and in-line. Figure 52 shows the orientation of the test
article with respect to the flow for both arrangements. The in-line arrangement
is achieved by rotating the test article 90 degrees from the staggered tile
orientation. It should be noted that for the in-line arrangement, the tiles are
in-1ine in the axial direction only. I.. the spanwise direction (normal to the
flow) the tiles are staggered. Comparisons of the axial heating distributions for
the staggered and in-line tile arrangements at y = 0.0, -3.8 and -7.3 cm are pre-
sented in Figures 52, 53, and 54, respectively. These figures present data for
tile gap width of 0.23 cm. Heating on both the upstream and downstream faces of
the tile does not appear to be significantly affected by the surrounding tile
arrangemeunc for a gap width of 0.23 cm. Heating on the top surface of the thin
skin tile is higher (4% to 24%) for the staggered arrangement than for the in-line
arrangement. This trend is most pronounced at the centerline (y = 0.0 cm) of the
tile and decreases near the edge (y = -7.3 cm) of the tile. Alsc the magnitude of
the heating on the top of both tile configurations decreases near the tile edges.
The trends shown in these figures are for the 0.23 cm gap width only.

4,3.3 Effect of Gap Width - Comparisons of heating distributions for four gap

widths at y = 0.0, -3.8 and ~-7.3 cm are presented for the staggerad tile arrangement
in Figures 55, 56, and 57, respectively. Data for gap widths of 0.13, 0.23,

0.46 and 0.71 cm are shown in each figure. These figures show that the effect of
gap width on tile heating changes with location on the tile. Figure 55 preseats
data along the centerline of the tile (y = 0.0). On the upstream face, the gap
heating increases slightly with increasing gap width. This trend is reversed on
the top surface and downstream face with the exception of the upstream edge of the
tile top surface. Examination of the axial distribution at y = --3.8 cm shows a
much greater increase in gap heating with increasing gap width on the upstream face
than was shown at y = 0,0. On the top surface of the tile the heating at the up-
stream edge of the tile increased dramatically with increasing gap width. Over the

rest of the top surface, the heating appears essentially independent of gap width.
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STAGGERED AND IN-LINE TILE HEATING DiSTRIBUTIONS
IN CFHT (Y = -3.8 CM)
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EFFECT OF GAP WIDTH ON STAGGERED TILE HEATING
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On the downstream face the trend is mixed with the gap heating either increasing or
decreasing with gap width depending on the depth into the gap. The data near the
outer edge of the tile (y = -7.3 cm) shows the heating on the upstream face, top
surface, and downstream face all increasing significantly with increasing gap width.

In general for the three (y) stations examined, it appears .1at the gap heat-
ing is related to the heating on the top surface near the gaps. The same trends
that apply to the gap heating also apply to the top surface heating near the edges
of the tile. This can be seen in all the figures presented for the staggered tile
arrangement.

Figures 58, 59, and 60 present comparisons of heating distributions for the
four gap widths at y = 0.0, -3.8 and -7.3 cm, respectively, for the in-line tile
arrangement. It should be noted that two tunnel runs are required to produce the
axial distributions for the in-line arrangement because only one half of the tile
was Iinstrumented. The front half of the thin skin tile is instrumented for one rum
and then the test article is rotated 180 degrees and data taken for the aft half
of the tile for the second run. This results in a redundant set of data points at
X = 0. Figure 58 shows the axial heating distribution for the centerline of the
tile. There are no data at the top of the upstream and downstream faces of the
tile due to an inoperative thermocouple. The data taken in the gap show slightly
increasing heating as the gap width increases for both upstream and downstream
faces. The heating on the top surface generally increases with increasing gap
width. This effect is greatest at the forward edge of the tile and actually re-
verses itself slightly at the aft edge. The heating distribution at v = -3.8 cm
is presented in Figure 59 and shows essentially the same trends as were observed
along the centerline. F’gure 60 shows the heating distributions along the outer
edge of the tile (y = -7.3 em). It is observed that heating on all surfaces in-
crease with increasing gap width. A review of the figures showing the effect of
gap width on both staggered and in-line tile arrangements indicates that the in-
line tile arrangement results in lower an' more uniform heating on the top surface
of the tile. The gap heating on the upstream faces of the tile do not appear to
be significantly different for the two tile arrangements. A similar conclusion
can be drawn for the downstream face. Gap width, as expected, signiiricantly
affects gap heating., However, the magnitude of the effect is dependent on the

location in the gap.
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EFFECT OF GAP WIDTH ON IN-LINE TILE HEATING
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EFFECT OF GAP WIDTH ON IN-LINE TILE HEATING

IN CFHT (Y = -7.3 CM)
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4.3.4 Effect of Flow Orientation - A different coordinate system was used

during the execution of the CFHT tests to describe instrumentation

e A e T AT TRt Tt

locations on the thin skin tile for each basic tile position. This resulted in
four separate ccordinate systems. Using these systems, the flow angle (a) over the
test article varies from 0 to m/4 radians. In examining the effect of flow angle
on gap heating trends, it becomes apparent that these systems made thle selection of
data groups unwieldy. Theiefore, a consistent coordinate system was defined which
is fixed in the tl.’n skin tile. A new flow angle variable (y) was defined which
varies from O radians (in line con” guration) to 7/2 radians (staggered configura-
tion). By using a single coordinate system with respect to a fixed tile, the

data from several tests were combined to describe heating on the entire tile as a
function y. Figure 61 shows the coordinate system.

The effect of flow angle on gap heating was examined on two faces of the thin
skin tile for a 0.229 cm gap. Figure 62 presents data for thz XC = =7.62 cm face
of the tile at four YC locations for the first thermocouple into the gap. This
figure is an upstream face for inlfne tiles (y = 0) which becomes a parallel face
for staggered tiles (y = 7/2). It should be noted that the distance from the sur-
face (Z) varies significantly for the data used in this figure. The heating level
f in the gap is a strong function of Z and therefore continuous curves are shown only
i for constant Z data. The data show that heating in the gops is significantly
affected by flow angle. The dependency of gap heating on flow angle changes with
location along the gap. The minus YC data show the heating to decrease as vy is
varied from O to 7/6 radians and then increases as y is varied from n/4 to 7n/2
! radians. The plus YC data show the opposite trend with the heating increasing
and then decreasing as y is varied between 0 and /2 radians. It appears that for
this face of the tile tbe heating in the gap is either at a maximum or a minimum
at vy = n/4 depending on the YC location. No data are shown for Y, = J.0 due tu an

inoperative thermocouple at that location. Heating data for the ;; = -7.62 <m

i face of the ti'> are presented in Figure 63. Data for the first thermocouple down

! the gap for . e XC locations are shown for a gap width of 0.229 centimeters. This
face is parallel to the flow for inline tiles (y = 0) - 1 faces the flow for staggered
tiles (y = n/2). The minus XC data show deecreasing heating as y goes from 0 to

n/6 radians. This trend is reversed as y goes from n/4 to /2 radians. The plus

XC data again show the cpposite trends of the minus XC data. As y goes from 0

to 7/6 radians the heating level increases. The heating then decreases as y varies

from n/4 to n/2 radians., The Xc = 0.0 data shows basically the same trend as the
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GAP HEATING VARIATIONS CAUSED BY FLOW ORIENTATION,
(XC = -7.62 CM)
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GAP HEATING VARIATIONS CAUSED BY FLOW ORIENTATION,
(Yo = -7.62 CM)
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plus XC data between vy of 0 and 7/6 radiamns. However, the heating level remains

Aom < A YT P BN

relatively constant between y of 7/4 and m/2 radians. The greatest variation in

heating along this face of the tile occurs at y = n/4 radians.
Figures 62 and 63 1indicate that ei._her an inline tile arrangement (y = 0) or

a staggered tile arrangement (y = 7/2) is more desirable than other possible flow

orientations. The spread in gap heating in the XC and YC direction is minimized
at vy = 0 and n/2 radians. Also, the peak heating irn the gaps are minima at these

flow angles. These conclusions are based on data for a 0.229 cm gap width. Figure

memerrRyT Rat Te

64 shows the locations and levels of maximum gap heating at various flow angles

) for a gap width of 0.71 centimeters., The data were measured zpproximately 0.3 cm
¥ from the tile surface. These data support the conclusion that peak heating in the

i gaps are minima at flow angles of O and 7/2 radians. The heating distributions

along gaps at a depth of 0.3 cm for gap widthes of 0.23 cm and 0.71 cm is presented
¢ in Figure 65 for a flow angle of n/4 radians. The heating rate gradients that
occur at this flow angle are illustrated in this figure and appear to become more

severe as the gap width increases.

orar s

4.3.5 Effect of Steps - The effect of tile mismatch was examined during test-

ing by employing shims to raise and lower ti.e thin skin tile. Tests were run with
the tile raised 0.254 cm above the surrounding RSI tiles and lowered 0.168 cm beiow

Y s A

! the surrounding tiles. Figure 66 presents inline tile heating distributioms
(Y. = 0.0) for the step-up, flush and step-down tile configurations with a gap width
of 0.23 centimeters. The step~up configuration resulted in a 55% increase in the

peak heating rate measured on the tile surface when compared to the flush tile. The

peak heating location appears to move nearer the upstream edge of the tile as the
tile is raised above the flush position. Raising the tile increased
heating on the upstream face of the gap and entire tile surface whi'e having

littl> effect on the downstream face. The step-dowa tile configuration resulted
in lower heating on the upstream half of the thin skin tile and similar heatirz on
; the downstream half when compared with the flish ti~ The peak heating rate was
only 4.5% lower for the step-down tile. Figuiec 67 presents heating distributions
| for the three tile positions when the surrcunding tiles are in the staggered con-
figuration (y = 7/2). Similar conclusions can be drawn from the staggered tile

data that were found in the inline tile data.

.
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4.4 Analysis of Mach 8 Variable Density Tunnel Tests - Heat transfer measure-
ments were performed for both in-line and staggered tiles (thin skin) positioned on
the center line ("Free Stream") and ia the wall of the Mach 8, Variable Density
Tunnel. The tiles were 10.16 x 20.32 centimeters. Tests were conducted at Reynolds
number (Re_/m) from 1.16x106 to 41.4x106. A data tape coantaining test coanditioms,
measured data and derived heat transfer parameters was prepared for facilitating
analysis and for tue ultiple Regression Analysis ceomputer program. Listing of the
data is contained in Volume II.
As a first step in the data analysis, heating on the top of the panel was

examined to establish a reference for correlation. Heat transfer coefticient
ratios obtained for the top of the panel at the most forward (2.54 cm aft of tile
leading edge) instrumentation om the tiles and the maximum values are shown in
Figure 68. A laminar recovery factor was used to compute a heat transfer co-
efficient (HL) as well as laminar boundary layer theory to compute (Href) which
was based on distance from model leading edge. This type of ratio is used to
investigate transitional flow. If a value of unity is obtained, the flow is con-
sidered laminar. For the "Free Stream" tests, conditions were laminar on the for-
ward portion of the model only at low Reynolds number. Plots of (HL/Href) show a
monotonic increase with distance along the panel and indicate no discernable effects
caused by the transverse gap (0.159 cm) at the panel center. The high ratios
indicate transition on the aft portion of the panel when in the Free Stream
position. Also indicated on the figure is the position of maximum heating which
moves forward as Reynolds number was increased indicative of transitional flow.

Figure 68 also contains similar data for the tunnel wall tests. The "maximum
value" was near the trailing edge of the panel. When the data are presented, using
(HL/Href) significant increase in heating is indicated with distance aiong the panel.
This is due to using Href in ghe ratio. 6For the tunnel wall tests, length Reynolds
number was varied from 3.7x10° to 136x10 with boundary layer thicknesses ranging
from 5 cm to 10 cm which was characteristic of a turbulent boundary layer. Sub-
layer dimensions ranged from 0.15 cm to 0.3C cm.

In Figure €9 the same information is presented for the tunnel wall tests
except the heat transfer coefficients are ratioed to the heating at point A at the
lowest test Reynolds number. The shaded zone is based on ratioing to a laminar distri-
bution and indicates a failure to collapse the data. When the laminar correction is
removed, the measured data falls on the indicated line. The measured heating,(indicated
by the "I" symbol) on the panel is nearly uniform, with only a 5% to 10Z increase
along the panel.
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4.4.1 Heating Patterns on In-Line Tiles - The measured heating distributions

along the length of the panel for the in-line tile configuration when the panel was
positioned on- the centerline (freestream) of the tunnel are shown in Figure 70.

Heat transfer coefficients for each run are ratioed to that measured at point "B".
Data are presented for unit Reynolds number/m from 2.3 x 106 to 21.8 x 106. A
variety of heating patterns is exhibited on the top of the tiles indicating laminar
flow on tile #1 for the lower Reynolds number and transitional flow for the higher
Reynolds numbers. For tile #2 the two lower Reynolds number tests exhibit a trend
toward transitional flow. For Rew/m =21.8 x 106 the data for the top of tile #2
suggests that the flow is fully turbulent. The gap at the center of the pa~-1 does
not affect the heating on the top of the panel except for the Rem/m = 6.1 x 106
test where the gap produces transition onset. Transverse gap heating is relatively
low compared to that measured on top of the panel and does not show a strong
dependence on Reynolds number for the forward facing wall. The aft facing walls
experienced a slight heating distribution change with Reynolds number. Even though
significant changes in heating on top of the tile occurred, heating in the gaps
remained well behaved. The larger gaps (0.318 cm) experience higher heating than
the smaller gap (0.159 cm).

Heating distributions for the in-line gap model positi-ned flush with the
tunnel wall are shown in Figure 71. Heat transfer coefficients for each tumnel
run are ratioced to that mes<ured at point "B". Tests were performed at unit
Reynolds number/m from 1.16 x 106 to 41.4 x 106. Heating on top of the tiles is
relatively uniform with the higher Reynolds number data being almost constant.

The lower Reynolds number data show a 107 heating increase on the tile top. Heat-
ing in the transverse gaps do not show as sharp a drop off with distance into the
gap as the freestream tes:. (Figure 70). For both the free stream and tunnel wall
position, the upstream side of the transverse gap experiences equal or higher
heating than the downstream side of the gap. Again the heating is higher for the
larger gap. Increasing Reynolds number tends to lower the gap heating for the
0.159 cm gap.

4.4.2 Heating Patterns on Staggered Tiles - Heating distributions were

measured also for a staggered tile configuration with the model in the freestream
position and flush with the tunnel wall. Figure 72 contains the heating data for
the freestream tests. Heating distributions on the top surface of the tiles are
similar tc those obtained for the in-line gap model (Figure 70) over the range of
Reynolds numbers investigated. The stgggered tile configuration had only the
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HEATING DISTRIBUTION ALONG MACH 8 V.D.T. GAP MODEL,
(IN-LINE GAP CONFIGURATION, TUNNEL WALL POSITION)
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HEATING DISTRIBUTION ALONG MACH 8 V.D.T. GAP MODEL.
(STAGGERED GAP CONFIGURATION, FREE STREAM POSITION)
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downstream face of the center transverse gap instrvumented. This gap (0.318 cm) was
twice the width of that in the in-line model. Gap heating at the center of the
model (stagnation region) is presented in Figure 72 and shows a strong dependency
on Reynolds number. For Reynolds numbers greater than 11.2 x 106 per meter, heat-
ing in the gap is greater than the top surface. The gap heating for Rem/m = 19.6 x
106 is as great as eight times the surface value.

Heating data for the staggered tile configuration flush with the tunnel wall
(Figure 73) show that the turbulent boundary layer produced essentially unifcrm
heating on the top of the panel which is similar to that experienced by the in-line
tile model (Figure 71). As with the freestream tests of the staggered tiles, the
downstream face of the transverse gap experienced significant heating with a
distribution strongly dependent on Reynolds number.

Figure 74 shows a remarkable set of heating distributions measured across
the gap face of the downstream tile for the staggered tile configuration. Indicated
on the figure is the half width of the parallel gap which terminates at the tile
face. The heating is almost constant across the half gap width and then decreases
congistently in the latecal direction similar to a "normal" distribution. Also
shown are heat flux contours which show the size of the hot spot. The size of the
hot spet, where the heating ratio (HT/HB) is greater than 0.5, is approximately

1.5 centimeter radius.
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4.5 Analyses of Ames 3.5 Feot HWT Tests of Gap Models - Analyses were performed
on the data from the Rockwell International Gap Heating Test 158 (OH-2) conducted
in NASA-Ames 3.5 Foot Hypersonic Wind Tunnel. Figure 75. 18 a s mamary of the gap

heating models that were tested. The tests were run at Mach 5.1 at four unit
Reynolds numbers. The Reynolds numbers were 1.4, 2.2, 3.3, and 4.5 x 106 per meter.
A total of five gap widths and three gap depths were investigated. All tests
employed a flat plate model at zev> angle-of-attack. A complete description of
the test as well as a listing of che data are contained in Section 5.0 of Volume II
of this report.

4.5.1 Calibration Plate Heating Pattern - The test configuration consisted
of a 68.6 152.4 cm carrier plate (Figure 76) into which 70 x 106,7 cm

instrimented test article inserts were placed. Total temperature and pressure
probes were mounted on the downstream end of the carrier plate at three spanwise
locations. These probes were used to define the freestream conditions for the
tests., Four calibration runs (Runs 38 thru 41) were made to characterize the flow
over the test configuration utilizing the srooth heat transfer calibration plate.
Three rows (y = -20.54, 0.0, and 20.54cm) of Chromel-Constantan thermocruples

and three corresponding total temperature prcbes were used to measure the heating
enviconment along and across the test article. Figure 77 presents the heat
transfer coefficient :long the calibration plate (y - -20.54) for the four test
unit Reynolds numbers. The heat transfer coefficient (HL) is based on a recovery
factor of 0.874 Companion data was also received for a recovery factor of 0.907.
The low Revnolas number heatir ' data decrease approximately with the square root
of distance along the pane. wi.ich is characteristic of a laminar boundary layer.
The higher Reynolds numbetr data show a decrease and ther. i1 sharp rise in heating
along the panel characteristic of transitional fiow. The heat transfer data
measured on inserts with sisulated RSI gaps are referenced to the flat plate
calibration data. A two-dimensional interpolation in cthe x and y directions was
performed on the calibration data for each test condition to determine the reference
heat transfer coefficient at the locations where gap heuting data were measured.
~igure 78 1s a typical plot of Stanton number along the calibration plate and shows
amplified separation of data due tv a Reynolds number effect. The laminar and
transitional heuting patterns are obvious from this figure.

4.5.2 Gep Heating Distributions - A -ursory analysis of the data was per-

formed maialy consisting of comparisons of duta trends with trends observed in the

CFHT ¢ 1 ', Figure 79 presents heating distributions at three Reynolds number
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AMES 3.5 FOOT HWT GAP MODELS
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CARRIER PLATE FOR AMES GAP HEATING TESTS
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HEAT TRANSFER COEFFICIENT (LAM) ALONG AMES WEDGE
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conditions on the single transverse gap model. The gap width was 0.254 cm and the

gap depth was 2.03 cm. The heat transfer coefficients were normalized to the
calibration plate coefficients at the same x and y locations. Heating distributions
are shown on the surface of the model both forward and aft of the gap as well as
both faces in the gap. The heating forward of the gap increases and then decreases
with distance for all Reynolds number coi.-ditions. The heating parameter (HL/HFP)
consistently decreases with increasing Reynolds number. The heating in the gap
shows consistent Reynolds number trends with the effect of Reynolds number much less
than is observed in the surface heating data. The surface heating aft of the gaps
has irregular distributions with an apparent inconsistent Reynolds number treand.

It can also be noted that the surface heating rates on the single transverse gap
model were generally less than that measured on the calibration plate, i.e.,

H /i, < 1.0.

The models used in these tests had an ample number of thermocouples on the
surface to define the surface heating rate distribution near the gaps. Figure 80
compares surface heating distributions on the downstream side of a transverse gap
from the Ames 3.5 foot HWT test and the LaRC CFHT test. The Ames data indicate
that the peak surface heating rate occurs approximately one edge radius downstream
of tLe tile leading edge. The model used in the CFHT did not have the same in-
strumentation density to adequately measure the heating distribution near the
edge of the tile. A dashed curve has been added to the CFHT portion of the figure
to illustrate a plausible heating distribution which would beconsistent with the
AMES data. The AMES data show a level of sensitivity to unit Reynolds number.

As the Reynolds number is increased ,the heating ratio (h/hFP) intensifies. Other
data obtained during the AMES tests were examined to determine the effect of unit
Reynolds number on the tile heating distribution.

Heating distributions for the upstream and downstream sides of gaps oriented
at 30 degrees and 60 degrees to the flow (Figure 81 and 82) show similar
dependency on unit Reynolds number. As the Reynolds number increases,the heating
distribution intensifies. At 30 degrees, heating on the panel is monotonic with
distance with a sharp drop near the gap. Heating on the downstream side of the
gap shows a definite enhancement due to the gap. Reynolds number effects are
evident on the downstream side of the gap. For the 60 degree orientation, heating
on both sides of the gap is dependent on Reynolds number. It should be noted
that the 60 degree data are downstream of the disturbance caused by the 30 degree

gap. Also spotted on both figures are comparable data measured during the CFHT tests.
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HEATING DISTRIBUTION ON LEADING EDGE
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HEATING NEAR GAP AFFECTED BY REYNOLDS NUMBER
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At the 30 degree orie.tation, the heating distributions from the CFHT and the AMES

3.5 foot tumnel are similar. At the 60 degree orientation the distribution measured
at AMES is higher than measured at the CFHT. This is probably due to the transitional
flow present in the AMES tests and the fully turbulent conditions in the CFHI.

Data for the in-line gap from the AMES 3.5 foot HWT and the CFHT were also
compared (Figure 83). These data are for the top of the tile near the gap where
effects of gap flow should be evident. Both sets of data show an increase in
(H/HFP) with distance along the gap. Also, the in-line gap data increase with
Reynolds number as do the other data measured at AMES.
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4.6 Boundary Layer Analyses - Boundary layer analyses were performed to

characterize the environments at the various tunnel test conditions. Basic
boundary layer parameters were computed for u.e in correlating the heat transfer
results from the test facilities. These parameters will aid in extrapolating the:
test results to Shuttle flight conditions. The basic boundary layer parameters
determined for the various test conditions are:

1) Type of boundary layer (laminar, transitional, turbulent)

2) Local unit Reynolds number (edge condition)

3) Local Mach number (edge condition)

4) Displacement thickness (8%)

5) Momentum thickness (8)

6) Laminar sublayer thickness for turbulent boundary layers (3g)

7) Temperature ratio across the boundary layer

A summary of the boundary layer analyses that were performed is shown in Figure
84. The boundary layer parameters for the JSC 10 MW channel nozzle and the LaRC
Mach 8 Variable Density Tunnel wall tests were provided by the facility investigators.
The analyses for the remaining tests were performed by MDAC-E using numerical solution
of the boundary layer equations.

4.6.1 JSC 10 MW Arc Tunnel Boundary Layer Parameters - Boundary layer parameters

assuming both frozen and non-equilibrium flow in the JSC 10 MW channel nozzle were
determined by JSC using the "NATA" computer program., These parameters were furnished

along with the basic temperature response data for assimilaticn into the program.
The boundary layer parameters for non-equilibrium flow were selected because the

flow produced by the Arc heater was not in equilibrium. The boundary layer in the
channel nozzle is laminar and relatively thin. Displacement thickness varied be-
tween 0.43 cm and 0.55 cm over the test panel. The local Mach number and local
Reynolds number/meter were 4.2 X 104 and 5.7 x 104, respectively for this series of
tests. The momentum thickness was not provided by JSC.

4.6.2 LaRC Mach 10 CFHT Boundary Layer Parameters - LaRC performed tunnel

calibration runs for a prior McDlonnell-Douglas sponsored program to measute heat
transfer on a flat plate mounted flush wik the tunnel sidewall., As part of

that effort, pitect pressure distributions were measured through the turbulent
boundary layer at three vertical locations on the tunnel sidewall: (a) tunnel
centerline, (b) 16.51 cm above centerline, and (c) 1l€.51 cm below centerline.
Pitot pressure distributions for the three vertical locations are shown in Figure

85. The boundary layer profile is distorted, but is symmetrical about the
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tunnel centerline. This distortion has been attributed to the inviscid flow
development in the square nozzle. The measured pitot pressure discributions was
used to determine the displacement thicknr~: (6*) and momentum thickness (8)
on the tunnel sidewall by assuming a quaa.atic relationship between veloclity and

temperature through the boundary layar that is,

T = Jocal total temperature

TI = total temperature in free stream

Tw = wall temperature
u = local velocity ia boundary layer
u = free stream velocity

The computed displacement and momentum thicknesses are presented in Figure 85.

It was necessary to describe the temperature profile because the total temperaturc
distribution in the boundary layer was not measured. The quadratic relationship
between the total temperature and velocity is frequently observed in hypersonic
wind tunnel boundary layers as a consequence of unheated walls (Reference 8) and
substantiated by experimental measurements in the CFHT (Reference 9). For the
CFI'"i, the stilling chamber, the throat region, and the entire nozzle are water
cooled. A more exact calculation of 6* and @ for the CFHT wall would require
measurement of the total temperature profile in the wall boundary layer.

4.6.3 Le.t Mach 8 V.D.T., Borndary Layer Parameters - Gap heating tests were

performed with the test article positioned in both the freestream (tu -~el centerline)
and wall of the Mach 8 Variable Density Tunnel. The boundary layer on th2 tunnel
wall was turbulent. Displacement thickness ar.d momer..um thickness were measured in
the turbulent wall boundary layer and are presented .a Figure 85 as a function of
the freestream unit Reynolds number. The experimental boundary layer thickness,

8, 18 also shown in the figure for comparison. Ihe parameters § and © are strong
functions of Reyi..olds number for Rew/m less than 13 x 106, and appear to approach

a constant value for Rem/m greater than 13 x 106. On the other hand, the dis-
placement thickness is essentially independent of Reynolds number. The data
presented in Figure 86 were obtained from C. B, Johnson of NASA-LaRC.
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Beckwith,et al, (Reference 10) recently developed a correlation to predict
the laminar sublayer thickness for hypersonic nozzle wall boundary layers. This
correlation which shows that the sublayer thickness is a function of the boundary
layer thickness, a free-stream Mach number, and the momentum thickness Reynolds
number is presented in Figure 87. This correlation was formulated by analyzing
velocity profile data over a wide range of wind tunnel flow conditions. In the
analysis of the wvelocity profile data, the sublayer thickness was defined as the
distance from the wall to the edge of the region where the velocity profile re-
mained approximately linear.

Using Beckwith's correlation, the laminar sublayer thickness (6s) has been
calculated for the Mach 8 V.D.T. and the Mach 10 CFHT wall boundary layers. The
results of the calculations are also presented in Figure 87, For the Mach 8
V.D.T., 65 decreases with increasing freco-stream Reynolds number. For the Mach
10 CFHT, 65 is a function of the spanwise location Lecause of the nonuniform flow
on the wind tunnel side-wall.

Boundary layer parameters were not measured for the flow over the model for
the tests conducted in the freestream of the Mach 8 Variable Density Tunnel.
Therefore, it is necessary to calculate the boundary layer flow for theve tests.

The technique used in this study is a solution the compressible boudary layer equations
using the numerical method described by Keller and Cebeci (Reference 11). This method
has been extended to compressible ideal gas flows by T. Cabeci and has been used in many
boundary layer analyses. For turbulent flow, the eddyjviscosity formulation of Cebeci
(Reference 12) were used. For transitional flow, the intermittency factor given by Chen
and Thvson (Refenence 13) were emploved.

To establish the validity of the computed boundary layver parameters, the
calculated heat transfer rates have been compared with the measured values on the
top surface model in the freestream. Measured and predicted heating distributions
are compared in Figure 88 for freestream conditions M = 8 and Re /m = 21.8 x l“h.
The agreement between theory and experiment is quite good for the case in which
laminar, transitional, and turbulent flow are considered in the analysis.,

The predicted displacement und mowmentum thicknesses for, the same freestream
wind tunnel run are shown in Figure 89 by assuming (a) fully laminar, (b) fully
turbulent, and (c) laminar, transitional, and turbulent flow. The parameters **
and 6 are very different for laminar and turbulent flow. These resuits show that
the effect of transitional flow must be included in determining the boundary layer

parameters for the freestream tests.
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COMPARISON OF MEASURED AND PREDICTED
HEATING DISTRIBUTIONS FOR
THE MACH 8 VARIABLE DENSITY TUNNEL
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PREDICTED DISPLACEMENT AND MOMENTUM THICKNESSES,
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Boundary layer calculations were made for two additional freestream conditions:

(a) M =7.7, Rew/m = 2.30 x 106, and (b) M_= 7.87, Rem/m = 6.06 x 106. For

these two cases it was found that the "transition extent Reynolds number" used in
the boundary layer computer program was not valid. This was not surprising be-
cause the transition correlation used in the analysis is the formulation suggested
by Chen and Thyson which is based on experimental data for freestream Mach numbers
less than 5.0. The transition extent Reynolds number is evaluated at the omset of
transition flow. Chen and Thyson's equation for the extent of tramsition is

.67
ReAx A Retr

A =60+ 4.68 4192

ReAx = Reynolds number based on the extent of the
transition zone
Retr = Reynolds number based on the physical location

of the transition onset point
For these two cases it was found that

A=0+1.854 1%

gave the best fit for the transition zone. It is not implied that this relation-
ship for the parameter "A" is valid for all freestream Mach numbers greater than

5.0. The above relationship is probably only valid for the two cases considered

in this report. A detailed study is certainly needed to refine Chen and Thyson's
correlation for freestream Mach numbers greater than five,

The validity of the boundary layer calculations has been established by
comparing the measured heating values on the smooth model surface with the calculated
heat transfer rates. Measured and predicted heating distributions are shown
in Figure 90 for the two above freestream conditions. The agreement between
theory and experiment is quite good. The predicted displacement and momentum
thickness for the same freestream conditions are shown in Figure 91.

4.6.4 Ames 3.5 Foot HWT, Boundary Layer Parameters - Boundary layer calcu-

lations were made for the four freestream conditions of the gap heating tests:

(a) Re_/m= 1.5 x 10°, (b) Re_/m =2.20 x 10%, (c) Re_/m = 3.26 x 1¢®, and (a)
Re_/m = 4.51 x 106. All calculationts were made at a freestream Mach number of 5.10.
The validity of the boundary layer calculations was established by comparing

the measured heating values on the calibration plate with the calculated heating
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COMPARISON OF MEASURED AND PREDICTED
HEATING DISTRIBUTIONS FOR THE MACH 8 V.D.T.
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PREDICTED DISPLACEMENT AND MOMENTUM THICKNESS
FOR MACH 8 V.D.T.
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rates. Measured and predicted heating distributions are compared in Figure 92,
for the above four freestream conditions. The predicted displacemnnt and momentum
thicknesses for the same four freestream conditions are shown in Figure 93. These
boundary layer parameters were used in the data correlation activity.

An interesting result of the present calculations is that the tramnsition
correlation used in the boundary layer computer program was found to be valid for
the Ames data. The transition correlation used in the analysis is the formulation
suggested by Chen and Thyson (Reference 13) which is based on experimental data
under nearly adiabatic wall conditions. Tje Ames data were taken under cold wall
conditions. It therefore appears that the Chen-Thyson transition correlation is
valid for both cold and hot wall conditiong, at least at the upper Mach number limit
of the correlation (M = 5). The effect of cooling on the transition extent Reynolds
number needs fu-ther investigation for M < 5.
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4.7 Flow Field Simuiation - The gap heating data collected during i..is study

are to be correiated in terms of the flow field parameters defined in Section 4.6
(Boundary Layer Analyses). The wind tumnel parameters are cowvrared with ava.lable
Shuttle flight parameters in Figures 94 thru 96. These figures provide an in-
sight into the flight simulation capa.ilities of the wind turaels wher: gap heating

o

data were taken.

A local Reynolds number-local Mach number map comparing wind tunnel and flight
conditions is presented in Figure 94. The wind tunnel data are represented bv
open symbols for turbulent flow, flagged symbols for transitional flow, : 1d closed
sywbols for laminar flow. Also shown in this figure are two sets of Shuttle flight
calculations. The shaded zone represents theoretical flight calculations computed
by Fivel (Reference 14) '3ing a non-equilibirum, real gas bouw.dary layer computer
program, Fivel performed analysis of the flow over 0.524 aud (.698 radian half
angle cones having a nose radius of 61 cm at an altitude of 70.2 km while flying
at a velocity of 7.32 km/second. Detailed inviscid flow field and boundary laye:
calculations were performed along the entire axial length of the cone (20.5 meters).
The shaded zone combines calculated conditions for both laminar and turbulent flow
that are expected on Shuttles lower surface. The crosshatched zone represents
theoretical flight calculations by Rockwell International (Reference 15) for

Shuttle Trajectory 89212 between X/L of 0.1 and 0.5 on the Orbiter lower centerline.
It can be noted that the local Mach number cn the ‘ower centerline does not exceed

6.0. This is due to the strong shock which deve .ops when the Orbiter enters at

FRL AR

30° angle of attack., The NASA JSC arc tunnel {low conditicas nrcvide a good
simulatic : of Shuttle flight Re/m and Mach number with the other tunnels producing
slightly more severe conditions.

The displacement thickness and momantum thickness are shown in Figures 95 and
96 versus the local Mach number. The Fivel and Rockwell International calculations
are also shown in these figures for compariscn. In addition, the displacemenc
thicknesses measured in the wall boundary layer of the Langley Unitary Plan Wind
Tunnel are also shown to demonstrate the effectiveness of the UPWT in simmlating
the flight conditions. As shown on Figure 95 the displacement thickness of the
Shuttle boundary layer is simulated on the various gap panels tested. Displacement
thicknesses range from 0,1 to 10 centimeters. On the other hand, only the CFHT
and Mach 8 V.D.T. produced boundary layers with momentum thicknesses as large as

expected in flight. Momentum thicknesses of 0.17 and higher are expected during

flight.
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4.8 Comparison of Gap Heating Data from Arc Tunnel and Wind Tumnel Tests -

The gap heating data which have been assimilated come from both an arc tumnel and
wind tunnels. Arc tunnels provide high energy (temperature and enthalpy) flow to
test articles while wind tunnels provide a considerably lower energy flow. The
effect of this difference in flow energy on gap heating was investigated by com-
paring data from arc and wind tunnels. Figure 97 summarizes the gap heaiLing test
environments and transverse gap geometry for which data have been assimilated. As
can be noted, the wide variety in conditions makes direct comparisons difficult.
The check marks denote the data which were selected for comparison. Two gap widths
from the JSC 10 MW arc tumnel tests were compared with the wind tunnel data. These
gap widths bound the selected gap widths from the wind tunnels. The arc tunnel had
the lowest freestream unit Reynolds number of any of the facilities. Therefcre, the
lowest Reynolds number data available from each wind tunnel facility were selected
for comparison. A laminar boundary layer existed in the arc facility and two of
the wind tunnel tests while it was turbulent for the other two wind tumnel tests.
Gap heating data from each wind tunnel tesi were coapared individually with
data from the arc tunnel test in Figures 98 thru 101. A compa~ison of gap heating
data from the Ames 3.5 foot Hypersonic Wind 1unnel and the JSC 10 MW Arc Tunnel is
shown in Figure 98. Both tests were conducted in a laminar boundary layer eaviron-
ment with similar edge Mach numbers. Generally good agreement exists in the level
of heating down the gap, although the shapes of the heating distributions are
different, Figure 99 presents the comparison of gap heating distributions for the
arc tunnel and the "freestream” tests in the LaRC Variable Density Tunnel (VDT).
Both tests were run with a laminar boundary layer over the test article. The Mach
number in the V.D.T. was 8.0 while the Mach number in the arc tumel was 4.2. Also,
the freestream unit Reynolds number is considerably higher in the wind tunnel than
in the arc tunnel. The wind tunnel data agree well with the arc tunnel data at a
depth into the gap of the 0.7 cm and below. The only data taken higher in the gap
were taken at 0.5 rm and here the dimensionless heating was considerably higher
than in the arc tunnel. Gap heating data were also taken in the wall of the V.D.T.
to expose the test article to a turbulent boundary layer. These data are compared
with the arc tunnel data in Figure 100 and are considerably higher than the laminar
arc tunnel data. Figure 101 compares the arc tunnel data and data taken in the
wall of the Mach 10 Continuous Flow Hypersonic Tunnel (CFHT). The boundary layer
in the CFHT tests was turbulent and the data for these tests are again higher than

the arc tunnel data.
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SUMMARY OF GAP HEATING TEST ENVIRONMENTS
AND GEOMETRY (TRANSVERSE BUTT JOINT)

TESTING FACILITY TEST ARTICLE GAP DEPTHS GAP WIDTHS N, Re_/m 8.L.
POSITION (CENTIMETERS) | (CENTIMETERS) STATE
JSC 10 MW ARC CHANNEL /3.18 .0n /.2l 2.0600° | LAMINAR
TUNNEL NOZZLE WALL 5.08 /.204
6.35 /.333
4
AMES 3.5 FOOT FREE STREAM 1.016 /.254 R n.sxlog LAMINAR
WIND TUNNEL 2.032 2.6X10¢
7/ 4.064 4.4X10
LANGLEY VARIABLE FREE STREAM / 2.54 .159 /8 /2.3x10% | Lawinar
DENSITY WIND TUNNEL /.318 6
21.8010
LANGLEY VARIABLE TUNNEL WALL 7/ 2.54 .159 /8 A1.16x10% | TURBULENT
DENSITY WIND TUNNEL /.318 5
41.4X10
LANGLEY CONTINUOUS FLOW TUNNEL WALL /6.3 a3 N0 /3.28x10° | TuRBULENT
HYPERSONIC WIND TUNNEL /.23
.46
N
Figure 97
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COMPARISON OF TRANSVERSE GAP HEATING
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The difference in enthalpy between arc tunuels and wind tunnels does not appear
to significantly affect gap heat transfer when normalized by the reference surface
heating rate. The laminar wind tunnel data agree reasoanably well with the laminar
arc tunnel data. However, the boundary layer state does affect the heating in gaps.

The data indicate that turbulent boundary layers result in higher dimensionless
heating in gaps than laminar boundary layers.
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4.9 Comparison of Gap Heating Data with Available Theories - Heating profiles

obtained from the Arc t:mnel and wind tunnels tests were compared with theoretical

calculation methods to determine the adequacy of the theories. The forms of the-

. PRI TSRS

oretical expressions were examined for parumeters to be used in correlating test

results. The three most appropriate theories which were examined are; Burggraf

5
i
:
i
i

(Reference 16), Hodgson (Reference 17) and Nestler ,et al,(Reference 18).

Burggraf developed a relationship for heating to the wall of a cavity exposed ;
to steady separated flow in two-dimensional rectangular cavities at high Reynolds
number. The external flow was separated from the inviscid rotating flow in the gap
by a recirculating flow which was defined, using a modification of Chapman,s theory.
Figure 102 contains the important calculation steps for Burggraf's theory. The
heating ratio turns out to be a pure function of gap dimensions and cheracteristic
flow length. Parameters used in the theory include, flow length divided by gap
width, gap width to depth ratio and distance down the downstream face of the gap
normalized by the sum of gap width and depth.

Hodgson (Reference 17) formulated a two dimensional model for laminar flow in
cavities. The model includes an upstream boundary layer to establish a cavity shear
layer and the effect of compressibility on reattachment 1-ngth, Figure 103 contains
the calculation procedure used and includes a corrected expression for reattachment
length (Reference 18). Parameters entering into the calculation include, the wall
temperature to boundary layer edge temperature ratio, Mach number, Reynolds number
based on gap width and boundary layer thickness.

Heating distributions down the gap wall computed using Burggraf's method,
Hodgson's method and Hodgson's method referenced to Eckert's flat plate neating
are compared with measured data in Figures 104 and 105. Wind tunnel data (Figure
104) from the M=8 V.D.T. and the :MES 3.5 foot HVWi have a sharp drop in heating
with distance into the gap. Predictions bascd on Hodgson's method overestimates
gap heating and Burggraf's method produces a different shaped heating distribution.
Hodgson's method (Figure 105) significantly overestimates the gap heating dis-
tributions obtained from Arc tunnel tests. Burggraf's method shows a higher sen-
sitivity to gap width than measured.

Nestler (Reference 18) developed a correlation of gap heating using heating for
attached flow in terms of gap width to flow length ratio and gap depth to gap width
ratio. Data from the JSC 10 MW channel nozzle tests and from NASA TN D-5908 have
been added to Nestler's chart (Figure 106), These data show higher heating ratios

that decrease, rather than increase, with gap width.

143

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST

e



FINAL REPORT REPORT MDC E1003

RSI GAP HEATING VOLUME 1 29 JANUARY 1974

e

ANALYSIS

BURGGAF LAMINAR CAVITY HEATING EQUATIONS

Re. = Pl
0 He
oy 43
- 0 T
Recr = 240\w ) (] + N)
If Rex > Recr then

0

...
o

qZ) . .21 ;<1_ 4 )_C(l_ 7+ )
4 T T 2> 2(w) 2 2(wT)

5
1 _ _]_ TN
RIEMAN ZETA FUNCTION ;(f , x)-\/;_+ Z: a (x+1)
n=0
a, = +0.803323 a, = - 3.80728 a, = +2.55002
a; = - 1.19121 a, = +0.308284 25 = - 0.0335024
’- Xo —n] W e
I v
i
1
Figure 102
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HODGSON LAMINAR CAVITY HEATING EQUATIONS
DIVIDING STREAMLINE VELOCITY:

Ud/ue = f (H/XO) =a + a; & + a, 52 + aq 53 + ay £4 + ag 55

WHERE ¢ = LOGIO (N/Xo)

a

o=t .51706 a =+ .088707 a, = - .049822

az = - .0020116 ay = + .0047757 ag =+ .0006549

_ - 2 o 2

Ta=wt (Ud/ue) (Taw'Tw) - (Ud/Ue) Pr (Ue /ZCP)
Tc = .5 (Td + Tw)

L=1 {1 +.447 [(v-1)72] Mez/[S.ZZ +4.41 (Tw/Te 1)]}
L; = ll.zzw/RewV2 s Rey = ogUgW/ig

FOR Z/L <1
————————

o

7= 1. -.189 exp ( -5.3Z/L) -10.6 E exp [-2/0.(9.87n% + 28.1)1/2]
d =1 9.87n% + 28.1

/L
. \2 y Cs 1/2
seel o)1 6 4B
d 5 \Ug

WHERE FOR PR = 0.7: ¢ = .418, lp = 435, C, = 1.87

3
FOR Z2/L > 1, v = Ug AND

StReL‘/Z = ¢, /(2L - W)/

xo —_— W e
AND FOR PR = 0.7, A= .178
P UL v
Re:Ld—- z
L Me N——
T

q= Stocvcp(Td - Tw)

Figure 103
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COMPARISON OF LAMINAR THEORIES WITH
WIND TUNNEL DATA
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ANALYSIS
The laminar theories that were investigated did not agree with the measured
heating in the gaps. Hodgson's theory consistantly overpredicts wind tunpel and
Arc tunnel results. Burggraf's theory agrees somewhat better with wind tunnel
data.
Burggraf's method shows a greater sensitivity to gap width than observed in
the Arc tunnel data, appearing to under predict heating for narrow gaps and over
predict for the wide gaps. Additional effort is therefore warranted in developing
theoretical models of flow and convective heating in gaps.
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5.0 DATA CORRELATION

The gap heating data which were analyzed were also correlated in terms of gap
dimensions, location of gap, location in ché gap and boundary layer parameters. A
general data management system was set up so a common approach could be applied to
correlate data from available sources. Test results were ordered, and
combined with physical dimensions, instrumentation coordinates and
boundary layer parameters to form a data bank. Over 17000 individual heat transfer
measurements were assimilated into the data bank which is functional on the
McDonnell Douglas computer. This data management system permits quick access of
data sets with similar attributes including direct input to a MRA (Multiple Regres-
sion Analysis) computer program. The MRA program assisted in correlating test data

from the JSC 10 MW channel nozzle facilaty, the LaRC CFHT and the LaRC M = 8 V.D.T.
Correlations were obtained for transverse gaps, in-line gaps, effects of flow angularity,

and effects of steps in the presence of both laminar and turbulent boundary layers.

5.1 Data Correlation Procedure - Test information supplied by each test facil-

ity was received on magnetic data tapes, computer tabs, work sheets, and facility
test reports. Format and methods of transmitting data were suggested to each facil-
ity and where possible these recommendations were incorporated consistent with what
was most convenient for that facility. Data from each facility were processed into
the data bank and reprcsvntative data listings for the JSC 10 MW, CFHT, M = 8 V.D.T.
and the Ames 3.5 foot HWT are contained in Figures 107 thru 110. Volume II contains
a complete listing of the data and associated descriptive information.

A procedure was set up for ordering data and combining of data with flow field
parameters. In a following section the mechanics of the correlation procedure are
described with the aid of a data handling flow chart. Also included in the proced-
ure are discriminators used to select data for correlation using the Multiple
Regression Analysis program.

5.1.1 Data Ordering and Marriage with Flow Field Parameters - Each piece of
gap heating data incorporated in the data bank was assigned 24 attributes which

provide traceable information about its origin, instrumentation location in the
joint, heat transfer parameters and boundary layer parameters. The assigned 24
attributes are listed in Figure l1ll. Traceable information about test program
origin, run number and instrumentation designation constitutes the first attribute
word. The system is formulated so that information from other tests can be added

to the data bank. Information about the boundary layer flow over the RSI joints,
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24 ATTRIBUTES WORDS ASSIGNED
TO EACH GAP HEATING DATA POINTS

u fovw .z
TTT/C OR CHANNEL NUMBER
—— RUN NUMBER

L—— TEST NUMBER

TEST NUMBERS THAT HAVE BEEN ASSTGNED

ge—
o

XX = 1, JSC WEDGE TESTS CONDUCTED FOR MDAC-E XX = 11, LaRC, MACH 8 V.D.T.
XX = 2, JSC CHANNEL NOZZLE TESTS CONDUCTED FOR MOAC-E XX = 12, AMES TURBULENT DUCT TEST
XX = 3, OTHER JSC CHANNEL NOZZLE TESTS KX = 13, LaRC 8 FOOT WTST
XX = 10, LaRC, CFHT XX = 14, 50 M4 WEDGE TESTS
2 GAP CONFIGURATION XX = 15, AMES 3.5 FOOT WWT

1 = BUTT, 2 = CONTOURED, 3 = OVERLAP, & = INCLINED
INSTRUMENTATION LOCATION
1 = UPSTREAM SIDE OF GAP, 2 = DOWNSTREAM SIDE OF GAP, 3 = IN-LINE
4 = STAGNATION, 5 » TILE TOP, UPSTREAM SIDE OF GAP, 6 = TILE TOP DOWN SIDE OF GAP
x)COORDINATES OF AN INSTRUMENTATION POINT, 2 = O
y]AT TOP SURFACE OF THE TILE, x = DISTANCE DOWNSTREAM
2/FROM CENTER OF TILE, y (RIGHTHAND RULE), (cm)
X, DISTANCE FROM LEADING EDGE OF EACH TILE (cm)
NOT USED
FLOW ORIENTATION (RADIANS)
GAP WIDTH (= -
STEP WS'L *T (-}
GAP FLUn LENGTH (cm)
TILE THILKNESS (cm)
TTLE PATTERN, O = STAGGERED, 1 = IN-LINE

15 JREAL  JLOCAL MACH NUMBER

16 JREAL  JREYNOLDS NUMBER/METER

7 L  JMOMENTUM THICKNESS (cm)

18 JREAL  JDISPLACEMENT THICKNESS (cm)

19 JREAL  [JSUB-LAYER THICKNESS (cm)

20 JREAL  JHEAT TRANSFER COEFFICIENT (h), (KG/HZSEC)
21 JREAL h/hos

22 QREAL  ISTANTON NUMBER

23 JREAL

T“"IT. TEMPERATURE RATIO ACROSS BOUNDARY LAYER
24 JINTEGERJBOUNDARY LAYER STATE, 1 = LAMINAR, 2 = TRANSITIONAL, 3 = TURBULENT

Figure 111
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as discussed in Section 4.6, was married with the inmstrumentation location and the
gap heating data to complete the data bank. The 24 attributes are also used to
select a particular set of data for correlation. The 24 attribute information is

stored on magnetic data tape.

5.1.2 Data Handling Flow Chart - The functioning of the data management sys-
tem is illustrated in Figure 112, For example, results from the CFHT tests
stored on a data tape are combined with test matrix information, T/C coordinates
and boundary layer flow field parameters in the "RSI C" program to generate a 24
word actribute tape. Companion tapes from the other tests are prepared in a similar
manner. These tapes are then processed by another program which selects data
according tc a list of discriminators specified for a particular type of gap to be
analyzed. Information from the JSC tests contained on data cards can be read by
either the "Select" program or by the Multiple Regression Analysis (MRA) program.
The MRA program processes the selected data and determines the best fit for candi-
date correlation equations.
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MCDONNELL DOUGILAS ASTRONAUTICS COMPANY » EAST




R R LR T R R P

29 JANUARY 1974

FINAL REPORT REPORT MDC E1003

DATA HANDLING FOR GAP HEATING CORRELATION

CPHT
DATA
TAPE

i

RSt C
PROGRAN

T/C LOCATION

FLOM FIELD

6P TO
8t
ANALYZED

2
§2

EQUATION
FOMMS TO BE
INVESTIGATEC

3
:

sts | k e

NORD ‘
TAPE SELECT
PROGRAM

T/5 LOCATION

i

1 partt :
WATIME
\ &P ﬁ‘ | REGRESSION
ANALYSTS

2
2
-
a8
(-]

CORRELATION

- | . EQUATION(S)

2 OPTIONAL

2
9
2

RSl )
PROGRAM

T7C LOCATION

§

£
:

%g]

ADDITIONAL TESTS

Figure 112
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5.1.3 Selecting Data for Correlation - A list of 29 discriminators was

prepared for selecting data from the 24 attribute tapes for correlation. Figure 113

shows an input form for the "SELECT" program. Upper and lower limit discriminators
were used to facilitate the selection process. Tabulations as well as tapes were
generated containing the selected data. The tabulated information was valuable for
identify trends, anomalies and for checking data.

5.1.4 Multiple Regression Analysis - Because of the large amount of heating

data available for correlation, an automated multiple regression technique was
used to obtain consistent-nonbiased correlation equations. Multiple regression
relieves the analyst of many tedious calculations involved in obtaining sound
correlations. The step-wise Multiple Regression Analysis (MFR.) computer program
(Referc "ze 19) provided information as to the adequacy of candidate correlation
function and the equation coefficients. A modified version of the MRA computer §
program which accepts information stored in the data bank was used for this study.

The principal modifications included accepting information stored in the data and
auxiliary statistical analyses. The MRA computes a series of multiple linear re- '
gression equations in a stepwise maﬂner. At each step, one parameter is added to '
the equation. The variable added is the one which makes the greatest reduction in
the variance about the mean. Equivalently, it is the parameter which, if it were
added, has the highest "F" ratio. Figure 114 lists the form of the correlating
equation(s) and the statistical parameters use by the MRA to obtain the most
appropriate correlation.
Local heating at the gap ratioed to undisturbed flat plate heating was design-
ated as the dependent varisble for all correlations. Correlations were obtained
in terms of natural logarithms of the dependent variable because gap heating
experiences a decrease of several orders of magnitude with distance into the gap.

For the JSC 10 MW data the ratio was formed using measured convective heating

rates. For all other tests the ratio utilized measured convective heat transfer
coefficients. The heating rate ratio and heat transfer coefficient ratio become
identical for high enthalpy flow produced by the JSC 10 MW facility. The in-
dependent variables considered in the MRA included boundary layer parameters,

gap dimension:, locations in the gap and ratios formed from these quantities.

Local flow properties (e.g. Mach number and Reynolds number) were considered

as correlation parameter because they affect embedded shock strength, flow
expansion angle, boundary layer growth, boundary layer structure, etc. Other
independent parameters considered cavity geometry and properties of the mass
“"captured”" by the cavity relative to the structure and energy level of the recircu-

lating flow in the cavity. No individual test program had sufficient
159
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ANALYSIS

VARIABLES AVAILABLE FOR SELECTING DATA

COMPUTER SCIENCES _mEQuE sTOR oeetr.
Tgﬁ’c?v HEATING SELECT INPUT FORM e R
ANALYSS
2 DESCRIPTION (DO NOT KEY PUNCH) DIMENSIOA
W
HENG] -
CASE CASE NUMBER
NFILES = NUMBER OF FILES TO M
XLGW = X-LOWFR LIMIT (cm)
XHIGH » X-UPPER LIMIT (cm)
YLOW = Y-LOWER LIMIT(cm)
YHIGH = Y-UPPER LIMIT (cm)
T Z-LOMER LIMIT (cm)
ZHICH = Z-UPPER LIMIT (cm)
XBLOW = X ‘LOWER LIMIT (cm)
ABHIGH = X-UPPER LIMIT (cm)
YBLW = Y-LOWER LIMIT (cm)
YBMIGH = Y-UPPER LIMIT (cm)
ALPHAL = FLOW ORIENTATION - LOWER LIMIT (RADIANS) -
ALPHAH = FLOW ORIENTATION - UPPER LIMIT (RADIAKS)
GAPWL = GAP WIDTH - LOWER LIMIY (cm)
GAPWN = GAP WIDTH - UPPER LIMIT (om)
STEP, STEP HEIGHT - LOWER LIMIT (cm)
STEPH = STEP HEIGHT ~ UPFZR LIMIT (cm)
GAPFL = GAP FLOW LENGTH  LOWER LIMIT (cm)
GAPFH = GAP FLOW LENGTH - UPPER LIMIT (cm)
THKL TILE THICKNESS - LOWER LIMIT (cm)
THKH » TILE THICKNESS - UPPER LIMIT (cm)
IPATN(1) = TILE PATTERN: 0=STAGGERED, 1=IN-LINE IPATNG )
IBL(1) = BOUNDARY LAYER STATE: 1=LAMINAR, Z=TRANSITIONAL, 3=TURBULENT, 18L(9)
| _jicarc(1) = GAP CONFIGURATION: leBl 2=CONTOURED, I=OVERLAP, 4=INCLINED 1GAPC(9)
IGMLU.) *UPSIREAM SIDE OF AF =DOWNSTREAM SIDE OF GAP,
3-PARALLEL, 4-STAGNATION, SeTILE TOP, UPSTREAM SIDE OF
GAP, 6=TILE TOP, DOWNSTREAM SIDE OF GAP 1GLC(9)
NTYL(1) = TOTAL NUMBER OF DESIRED DATA POINTS ON EACH TAPE TO BE READ:
0 READS ENTIRE FILE NTOL(9)
IV = INTERMEDIATE DIAGNOSTiC PRINT-OUT OF FIRST IW DATA POINTS
HRLMW = LOWEST ACCEPTABLE HEATING RATE RATIO )
HRHIGH = HIGHEST ACCEPTABLE HEATING RATE RATIO
. ] sEnp

Figure 113
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MULTIPLE REGRESSION ANALYSIS

N = SAMPLE SIZE

Y = DEPENDENT VARIABLE

Xj = INDEPENDENT VARIABLE
df = DEGREES OF FREEDOM

STANDARD DEVIATION OF ALL "Y" VALUES. a.J %E“

CORRELATION EQUATION: Y = Co Cy X+ 6 Xy + Ca Kyt .

RESIDUAL = Yyeasureo - YcALCULATED

STANDARD ERROR OF ESTIMATE: S -JN-_%T-Z(YMES "'m)z

2
CORRELATION COEFFICIENT: R-J 1. -3-2- “R 41 DENOTES GOOD FIT"
TOTAL VARTANCE ABOUT MEAN: $.2 =5 + 57 « s + ... 4+ g2
POt TS S, Sy, UNEXPLAINED

2

F TEST: Sy
Fe T —

SUNEXPLAINED

TERMS ARE INC: - INT" CORRELATION EQUATION STARTING WITH LARGEST “F"

~OEFFICLENTS *C,", DETERMINED BY LEAST SQUARES

Figuee 114
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variation in free stream conditions to completely evaluate all candidate parameters.
Additional experimental data are needed to completely determine the impact
of these parameters on gap heating.

In addition to the final function (or zquations), intermediate regr=ssion
equations are obtained aftar each step in the MRA, giving an indication of which
var‘ables are most important. Also, some parameters in the candidate correlation
function were rejected because they had no significant effect on the dependent
variable (heating ratio).

Statistical information is produced regarding goodness of fit, multiple
correlation coefficient (R) and significance of interaction among independent
variables. Of particular importance is the standard error of estimate (S) for
each step which represents the MTS error of prediction (or confidence band around
the regression line). Ia following selections values of "S" and "RY are used
to evaluate candidate function adequacy.
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5.2 Correlation of 10 MW Channel Nozzle Data ~ Candidate correlation equa-

tions were obtained for the transverse and in-line gap models tested in the Channel
Nozzle of the 10 MW Arc Tunnel at NASA-JSC. Correlations were obtained in terms of
gap width, gap depth and distance into the gap.

5.2.1 Transverse Gap Heating Correlation for 10 MW Channel Nozzle Tests -
Transverse gap heating data described in Section 4.2 were correlated using the MRA

program. A series of fifty candidate equations was investigated. Both dimen-

sional and non-dimensional parameters were examined. Some of these parameters were

based on terms appearing in boundary layer equaticns or in available gap heating
equations. The nine candidate equation forms :hich had the highest correlation
roefficlents are listed in Figure 115 Also contained in the figure are the
standard errors of estimate. Each of the candidate functions was also plotted
against the gap heating data to screen out abnormalities. The terms in each
equation are listed (Figure 115) from left to right in the order of their contribu-
tion in correlating the data. It shculd be noted that terms were omitt>d from the
correlation equation because they did not cvatribute significantly to the correla-
tion. Equation 9 produced the best fit with a high corr._lation coefficient
(0.9822) and a low standard error or estimate. Distance into the gap contributed
most to the correlation. the gap width, and then the interaction betwecn distance
into th: gap and gap depth. Figure 116 gives a visual comparison of :the correla-
tion (Equation 9) with measured data on the gap face for four gap w'dths and three
gap depths. The effect of gap depth (tile thickness) is quite obvious and the
heating at the top of the gap increases with gap width. Increasing gap depth
decreases gap heating. At the widest gap width (0.716 cm), the heating ratio at
the top of the gap was "1.1".

In Figure 117 4nd 118 the caxdidate functions are compared against one another
and against the data for the widest gap (0.716 cm). Several of the candidate
functions shown in Figure 117 do not correlate the data and Equation 5 which is in
terms of (Z/W) underpredicts gap heating near the top of the gap and over-
predicts gap heating at lower regions into the gap. Equation 1 has the best fit
for all equations in Figure 117, Figure 118 compares Equation 1 and Equation 9
with the measured data. Equation 1 does not have a gap depth effect and hence
passes hrough the center of the data. The correlation equation for convective

heating in the transverse butt joint exposed to the environments produced by the
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10 MW channel nozzle is;

AP
=5 . . (-.3716-5.0249z+2.560422+1.0733W-.03797ZT2-.03654(Z/H)-6.0719(2,’1‘)2)

9SURFACE
(Equation 9)

'5.2.2 In-Line Gap Heating Correlation for 10 MW Channel Nozzle Tests -

In-line gap heating data described in Section 4.2 yere correlated us..g the MRA
Data measured upstream as well as downstream of the transverse gap were

program,
This was necessary because instrumentation malfunctioned

included in the analysis.
As a result the gap heating data do not show a consistent trend

Nevertheless parameters involving gap depth were inserted into the
It was shown statistically that gap depth could not be

during the test.
with gap depth.
candidate functiomn.

used to correlate the data.

Figure 119 lists the more competitive correlation forms, their correlation
coefficients and their standard errors of estimate. Equation 25 was selected as
Distance into the gap, distance into the gap ratioced to gap

the most descriptive.
The correlation equation for

width and gap width were the important quantities.
convective heating in the in-line butt joint exposed to enviromments produced by

the 10 MW channel nozzle is;

Gar 2
—_— = (-0.3319-4.39792+1.56302°-0.2295(Z/W)+1.0148W) E i
dSURFACE (Equation 25)
Figure 120 shows the comparison of the correlation with data from the in-line gap

used for the correlation.
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5.3 (Correlation of Heating in Transverse Gaps for Turbulent Boundary Layers

in CFHT and M=8 Tests - Individual sets of data for transverse gaps submerged in

turbulent bouncary layer flow were examined to establish trends with boundary layer
and gap geometry parameters. CFHT heating data (Figure 121) shows a linear
decrease with distance (Z) into the gap when plotted on log-log graph paper. The
correlation lines in the Figure change systematically with gap width (W) which
suggests a dependency of the lines' intercepts and slope on gap width. Values of
the intercepts (a) and slope (b) are dependent on (W), as also shown in the Figur-.
The resulting form for candidate correlation terms were combined with other terms in
a MRA analysis to determine the most appropriate equation. Figure 122 summarizes
the MRA analysis. Correlation coefficients (R) and standard error of estimate (S)
for both the natural logarithm correlation and for an auxiliary calculation using
cartesian coordinates are listed in the Figure. The curve fitting is accomplished
in logarithmic coordinates and is the most appropriate for judging goodness of fit.
As can be seen a correlation coefficient of 0.9837 was obtained out of a possible
1.0. The resulting correlation equation (JFHT, transverse gap) is:

f -2/7 AR
=) -1.73903-1.74049w"%/ T gnz+1. 20206 Law+. 08495 [ln z

h

n th l W ’
Figure 123 is a plot of the residual (difference between measured and calculated
dependent variable) versus the value of zn(h/hFP) measured and calculated. It
should be noted that the plots use natural logarithms. The integers on the plots
represent data points and their uniform spacing indicates a non-biased corr:lation
equation. The same information is shown in Figure 124 fcr cartesian coordinates.
The maximum difference between the measured and calculated heat transfer coefficient
ratio (h/hFP) is less than 0.07. The predicted parameter (h/hFP) has values ranging
from 0.007 deep within the gap to 0.821 near the gap top.

Data from the tests conducted on the wall of the LaRC M=8 tunmnel were also

examined for trends. The evolution of a candidate equation is shown in Figure
125 and shows a trend wit. distance inte the gap and unit Reynolds number. The

data examined v:re for a single gap width, hence a sensitivity with gap width could
not be obtained. The MRA analysis of these data resulted in the following equation:

fa : = -3,13609-2.322 &nZ -0.38806 ln(Re/lo6 meter)
FP

which reduces to:
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FP 10 " meter

Ib‘

=

The correlation coefficient (based on natural logarithms) was 0.9115 with a standard
error of estimate of 0.4531. In this case the exponent of Z was a constant value of

-2.322 independent of unit Reynolds number,
Next, information from the CFHT and M=8 turbulent boundary layer tests was

combinea in a MRA analysis using candidate terms derived from the tests preceding
analyses. Figure 126 summarizes the step wise development of the correlating
equation. The resulting equation (#18) is:

=2/73/ \-2.549 \ -.5362 /.,.7806
b o013 [z(-l.w.ozw Ty B W
REF '1‘e 10" meter

The independent variables used in this equation had rarnges as follows

0.36 <2 < 5.7 cm
0.127 < W < 0.711 cm

0.29 < ™ . 0.44

- 6
1.158x10° < Re (Unit Reynolds number m 1y <19.37 x 10

The residuals (4n) for Equation 18 are plotted in Figure 127 versus measured and
calculated heat transfer coefficients. The residuals have a more or less even
distribution which indicates a non-b‘ased correlation and that all important in-
dependent variables have been used. Figure 128 contains the same information
plotted in cartesian coordinates. The measured heat tran-fer coefficient ratio
had a range of 0.008 to 0.784 whereas tl > computed ratio had a range from 0.005
to 0.629. Again it should be noted that the log-log plots reflect the goodness of
fit rather than the cartesian plots.

The M=8 V.D.T. gap hecring data were also invesrig -ed to establish trends
in terms of lateral location in a transverse gap. Data for a set of tunne. runs
at the same unit Reynclds number were correlated. Figure l<9 contains the
development of the correlation. MRA analysis was not performed because only two
cap settings were used during the test. As can be seen from the figure, heating is
a strong function of distance into the gap {(Z). The heating f- - the narrower gap
(0.159cm) is lower and has a different power coefficient than the wider gap (0.317
cm). The heating in the gap does not change in the lateral direction (Y) for the
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3 ; narrow gap whereas a definite increase in heating 1. present in the wider near the
N intersection with an in-line gap. The correlation developed in Figure 129 can be
% [ used to determine the effect of lateral location in the transverse gap. Additiona.
g investigations are warranted in this area.
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RESIDUALS (/) FOR CORRELATION TRANSVERSE GAP
IN TURBULENT BOUNDARY LAYER
(M, = 8 AND CFHT), EQUATION 18
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RESIDUALS (CARTESIAN) FOR CORRELATION OF TRANSVERSE

GAP IN TURBULENT BOUNDARY LAYER
(M, = 8 AND CFHT TESTS), EQUATION 18
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ANALYSIS
5.4 Correlation of CFHT Data, Effects of Flow Angle and Steps - Two types of

correlation were performed on the CFHT data in the study of flow angle on gap
heating. In one approach, maximum and average heating ratios were examined for
the tile top and the walls of the gap. In the other approach, data were correlated
using Multiple Regression Techniques.

5.4.1 (Correlation of Maximum and Average Heating, CFHT - The CFHT tests

provided data on the top and four sides of a thin skin tile as a function of gap
width, flow angle, and step height. Average heating rates for the top of the tile
and on each of the four sides at 0.3 cm into the gap were computed and are presented
as functions of the test parameters. The average heating on top of the tile is
shown in Figure 130. Step height has a greater effect on average heating than
either gap width or flow angle for the range of parameters tested. For flush tiles,
increasing gap width increases the zverage surface heating. For tiles with a
positive 0.25 cm step height, the average heating reached a maximum at a gap

width of 0.46 cm or approximately twice the step height. The sensitivity of
average surface heating to flow angle increases as step height is increased. The
average heating is not affected by flow angle when tne tile is recessed (negative
0.17 cm step height). Data were taken for a gap width of 0.23 cm only at this

step height. For flush tiles the heating is insensitive to flow angle between 0
and 30 degrees. The average surface heating increases when the flow angle in-
creases above 30 degrees. For the positive step tiles, any flow angle greater

than 0 degrees resulted in higher average heating to the top of the tile. The
maximum heating that was measured on the top of the tile is shown in Figure 131.

L positive step height (+0.25 em) resulted in a significant increase in maximum
surface heating. For some gap width/flow angle conditions the maximum surface
heating on the positive step tile was twice that measured on a flush tile. For
flush tiles, increasing gap width increases the maximum surface heating. For tiles
with a positive step, the maximu— heating increases as the gap width increases up
to 0.46 cm. The effect of increasing the gap width above 0.46 cm on maximum sur-
face heating varies with flow angle, but generally the maximum heating does no:
increase, For tiles with negative step heights. there is little effect of flow
angle at the gap width tested (W = 0.23 cm). The flush tiles experiencec¢ an
increase in maximum surface heating with increasing flow angle up to approximately
30 degrees. Further increases in flow angle had little effect on maximum surface
heating. The tiles with a positive step show great sensitivity to flow angle at
all gap widths., The maximum heating to the top of the tile occurs at a flow angie

of 45 degree.
185
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AVERAGE HEATING ON TOP OF THE TILE CFHT TEST.
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MAXIMUM HEATING ON TOP OF TILE CFHT TESTS
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" ANALYSIS

The average heating on the four sides of flush tiles at 0.3 cm into the gap
summarized in Figure 132. Data are presented for 4ll flow angles as a function of
gap width, The average heating on the downstream sides of the gap (1 and 3) is
consistently higher than the average heating on the upstream sides of the gap (2 and
4) as y varies from 0° to 90°. The effect of gap width on average heating is more
pronounced on the downstream sides (1 and 3) than on the upstream sides (2 and 4).
The general effect was fcr average gap heating to increase with increasing gap
width. The effect of gap width and flow angle on average gap heating was examined
more closely in Figures 133 and 134. Figure 133 shows the average heating for
sides 1 anl 2 as a function of flow angle f - all gap widths tested. The downstream
side of the gap (1) 1is significantly affected by gap width while the upstream side
(2) is fairly insensitive to gap width for flow angles between 0° and 70°. As the
flow approached 90° sides 1 and 2 become inline gap faces and are both affected
by changes in gap width. Figure 134 presents average heating for sides 3 and 4.
Similar conclusiins can be shown from this figure as were drawn from Figure i33.

The sensitivity of the average gap heating at 0.3 cm down the gap to step
hight is presented in Figures 135 thru 138 for sides 1, 2, 3 and 4, respectively.
Average heating for side 1 (Figure 135) is presenteu as a function of flow orient-
ation for the step hights and gap widths tested. The shaded areas represents the
flush tile data that was vwreviously presented in Figure 133. The positive step
height data shows sijnjficantly higher side 1 average heating thca the flush tile
data. The sensitivity of side 1 average heating to gap width and flow orientation
is enhanced when th- tile has a positive step. The negative step
data indicate lcwer arerage heating than for flush tiles at all flow orientations.
The average heating U.3 cm down the gap for side 2 1s shown in Figure 136. The
effect of step height on side 2 average heating is minima. for the lower flow
angles. As the flow angle approaches 900, side 2 becomes part of an inline gap
£al the effect of step height becomes more pronounced. Also the effect of gap
width ou average heating to side 2 becomes greater as the flow angle approaches 90°,
The average heating to side 3 at 0.3 cm down the gap is presented in Figure 137.
Side 3 average heating trends are much the same &s those discussed for side 1.
Similarly, the average he-iing to side 4 at 0.3 cm cown .he gap (Figure 138) in-

dicates the same trends as side 2 average heating.
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AVERAGE HEATING ON SIDES OF TIL"S AT 0.3 CM INTO GAP
(ZERO STEP) CFHT TESTS
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Figure 132
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AVERAGE HEATING ON SIDES OF TILES AT 0.3 CM
INTO GAP (ZERO STEP) CFHT TESTS
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AVERAGE HEATING ON SIDES OF TILES AT 0.3 CM
INTO GAP (ZERO STEP) CFHT TESTS
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SENSITIVITY OF AVERAGE GAP HEATING TO STEP HEIGHT
AND FLOW ORIENTATION AT 6.3 CM DOWN SIDE | OF

CENTER TILE CFHT TEST
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SENSITIVITY OF AVERAGE GAP HEATING TO STEP HEIGHT
AND FLOW ORIENTATION AT 0.3 CM DOWN SIDE 2 OF
CENTER TILE CFHT TEST
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Figure 136
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SENSITIVITY OF AVERAGE GAP HEATING TO STEP HEIGHT
AND FLOW ORIENTATION AT 0.3 CM DOWN SIDE 3
OF CENTER TILE CFHT TEST
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SENSITIVITY OF AVERAGE GAP HEATING TO STEP HEIGHT
AND FLOW ORIENTATION AT 0.3 CM DOWN SIDE 4
OF CENTER TILE CFHT TEST
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5.4.2 Correlation of CFHT Gap Heating Distribution with Flow Angle - Data
from the CFHT were investigated to determine tne influence of distamce into the gap
(Z), gap width (W), distance along the gap (Y) and flow orientation (Y) on gap
heating. Figure 139 lists the variables considered and the equation forms in-
vestigated. Correlations for the top row of thermocouples as well as for all
thermocouples were studied. The correlation for all instrumentation is contained
in subsequent figures. Using the top row of instrumentation did not improve the
correlations. The polynomial function (I) was superior to the trig function I1I.
Hence only results using the polynomial function are presented. Figure 140
summarizes the development of the correlating function (12A) and Figure 141 and
142 are the residual plots. Some 458 data points v :re used and a high correlation
coefficient (0.9777) was obtained but the standard error of estimate was also
undesirably large (0.3266). Additional correlation activities are warranted for
these data. The form of the correlation equation should be investigated further as
indicated in Figures 143 and 144. The heating in the gap at 30° and 60° exhibit
similar exponential functions of distance into the gap.

5.5 Correlation Conclusions for Turbulent Boundary Layer Tests - Several
conclusions can be drawn from the correlation of heating data for transverse

gaps for turbulent boundary layers. The correlation equations show the influence
of gap geometry and boundary layer parameters on gap heating. Data from CFHT and
M=8 tunnels were correlated.

o CFHT (Equation 16)

-2/7 ,
B_, 0.1757(2-1.7“ )( wl.z)(e.osag[ t z/w] )

FP

o CFHT and M=8 (Equation 18)

~2/7 ~.5362
h = 0.01384 Z—1.464w v -2.549 Re w.7806
bep Te 3
10 meter

o For flush tiles, the average heating on .op of the tile increases with gap
width and increase when flow orientation (y) is greater than 30°.
0 Protruding tiles experience higher average heating than flush tiles while

recessed tiles have a lower average heating rate.
0 Maximum heating on top of tiles increases with gap width and increases more

significantly at (y) between 45° and 60°.
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o Average heating in gaps around four sides of a tile

00

00

00

oo

00

Average heating on upstream side of gap is insensitive to "y" and "W"
Average heating on downstream side of gap is fairly insensitive to "y"
and is a strong function of gap width

Average heating on downstream side of gap is much higher at all "y"
when tile is protruding. Effect is less for upstream side of gap
Recessing the tile, generally decreases average heating on tile sides

Heating distributions on side of tile are affected by "y"
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CORRELATIONS INVESTIGATED FOR EFFECT OF " Y*ON
HEATING IN TRANSVERSE GAP
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Figure 139
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HEATING IN TRANSVERSE GAP, FLOW ORIENTED AT
.52 RADIANS (300), FOR A TURBULENT BOUNDARY LAYER

.0 ———a " —
B - y CFHT TESTS
i 36
.
0.1 £
o f Yy ——
hep _ FLOW =
B W
N GAP WIDTH (cm)
o 0.127
0 E a 0.229
= A 0.457
N \% AR
.007 { 1 1l I [ N A
0.1 1.0 10.
Z (cm)
Figure 143
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HEATING TRANSVERSE GAP, FLOW ORIENTED AT
n/2 RADIANS, FOR A TURBULENT BOUNDARY LAYER

1.0 | 1
B CFHT TESTS
i JrLou
0.1 | --
_
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Figure 144
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6.0 TFORMULATION OF GAP HEATING CALCULATION PROCEDURE

A general calculation procedure has been designed so that the derived
correlations can be used in sizing TPS and determining system performance and
structural temperatures. The sets of correlation equations and control logic are
setup in a subroutine format so that the package is selfcontained with well defined
interfaces and easily identified input and output. The subroutine is designed to
be compatable with general heat transfer computer programs such as the MDAC-E
HEATRAN and SINDA. The input list consists of the location within the gap where
convective heating is to be computed, gap geometry discriptors and boundary layer
discriptors. Figure 145 describes the interfaces of the subroutine. The argument
list is sized so that the subroutine can be expanded as more correlations are added.
The parameters in the argument list will have preset default values to insure proper

functioning of the subroutine in the case that parameters are not supplied by the
calling program.
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GAP HEATING SUBROUTINE "GAPH"

o FORMULATION IS SETUP SO "GAPH" CAN ACCEPT MANY CORRELATIONS
0 SUBROUTINE WORKS WITH HEATRAN AND SINDA

SUBROUTINE GAPH (J, NTAB,
J

NTAB
ZTAB
QTAB

ZTAB, QTAB, ARGL)

-1 SETS UP SUBROUTINE NAME (HEATRAN, ONLY)
0 READS SUBROUTINE INPUT CARDS  (HEATRAN, ONLY)
1 COMPUTES GAP HEATING

NUMBER OF POINTS IN ZTAB (15 MAX)
TABLE OF GAP Z-COORDINATES WHERE HEATING RATES ARE TO BE COMPUTED (15 MAX)
TABLE OF COMPUTED HEATING RATES CORRESPONDING TO ZTAB (15 MAX)

ARGL,ARGUMENT LIST (DIMENSIONED TO 25)

ARGL (1) = IBL =

ARGL (2) = IGLpC =
ARGL (3) = ICBR =
ARGL (4) = IGAPC =
ARGL 5; =

ARGL (6) = ALPHA =
ARGL (7) = GAPH =
ARGL (8) = GAPD =
ARGL (9) = STEP =
ARGL (10) = GAPFL =
ARGL (11) = HPHLQW =
ARGL (12) = HPHHI =
ARGL 513 = AMACH =
ARGL (14) = REPM =
ARGL (15) = =
ARGL (16) = DTHK =
ARGL (17) = SLYR =

ARGL (18) = HFP

ARGL (19) = TWQTE
ARGL (20) To (25)

BOUNDARY LAYER STATE: 1 = LAMINAR, 2 = TRANSITIONAL,

3 = TURBULENT
GAP LOCATION: 1 = UPSTREAM SIDE OF GAP, 2 = DOWNSTREAM
SIDE OF GAP
3 = IN-LINE GAP, 4 = STAGNATION POINT,
5 = TILE TOP

CORRELATION NUMBER TO BE USED: IF ZERO IBL AND IGL@C

DETERMINE CORRELATION TO BE USED

JOINT CONFIGURATION: 1 = BUTT, 2 = COUNTOURED, 3 = OVERLAP,
4 - INCLINED

FOR FUTURE EXPANSION

FLOW ORIENTATION (RADIANS)

GAP WIDTH (cm)

GAP DEPTH (cm)

STEP HEIGHT (cm)

GAP FLOW LENGTH (cm)

LOWER LIMIT ON HEATING RATIO

UPPER LIMIT ON HEATING RATIO

LOCAL MACH NUMBER

REYNOLDS NUMBER/METER

MOMENTUM THICKNESS (cm)

DISPLACEMENT THICKNESS (cm)

SUBLAYER THICKNESS (cm)

HEATING RATE OR HEAT TRANSFER COEFFICIENT FOR LOCAL \

CONDITIONS ON A SMOOTH VEHICLE

THALL/Te’ TEMPERATURE RATIO ACROSS BOUNDARY LAYER \

FOR FUTURE EXPANSION

Figure 145
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7.0 INFLUENCE OF GAP HEATING ON TPS REQUIREMENTS
A major study activity was to examine tne effect of gap heating on thermal

protection system (TPS) requirements. Bondline temperature penalties are expected

b el S e

to be assocliated with fabrication to loose tolerances (i.e. large gap widths and
tile mismatches), joint configuration and gap orientation. The effects of heating :
in transverse and in-line gaps of a simple butt joint were determined. A 40% !

tile thickness increase resulted when the convective heating in the gaps was con-
sidered.

The thermal model use” in this amalysis is basically the same as described in :
Section 4.2.1 except for the removal of the channel wall and associated radiosity f
nodes and material properties. Convective heating of a typical Shuttle trajectory
was imposed on the model surface with the gap heating correlation applied to the
gap walls. The heating distribution correlation curves from the arc jet data of :
Section 5.2, Figures 116 and 120, were used for the transverse and in-line gaps to ;
get the gap heating effects on TPS requirements. As seen on these figures, the
curves do not extend to the bondline. Refering to Section 4.2 and Figure 25 a
discussion of two extrapolation extremes to the bottom of the gap is considered. A
third extrapolation, somewhere between the two, was also suggested. For this
study the third extrapolation was used. This was accomplis..ed by assuming that
the heating at the bondline for a 6.35 centimeter thick tile was equal to zero.

For the other tile thicknesses, this same extrapolation slope was assumed. It is
believed that some heating does exist at the bondline for the-e thinner tiles.

Figure 146 summarizes the maximum bondline temperature, .mcunt of LI-900
tile insulation so bondline temperature does not exceed 177°C, anu weight increase
based on zero gap width. Three tile tricknesses and three gap widths were considered
for the transverse and in-line gaps. The transverse and in-line gaps for the 0.2
centimeter width required the same amount of insulation for the conditions considered.

The intermediate gap width (0.07 cm) for the in-line tile requires approximately

40Z of the transverse gap requirements.
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EFFECT OF TRANSVERSE GAP HEATING ON TPS REQUIREMENTS

JHTCKNESS INSULATION REQUIRED |  WEIGHT INCREASE
GAP 3.8cm | 5.08em | 6.35cm FOR BONDLINE BASED ON 177°C
WIDTH NOT TO EXCEED 177°C | BONDLINE TEMPERATURE
MAX. BONDLINE TEMP. - °C 177°C REQUIREMENTS
N0 GAP 210 143 120 3.937 cm 0.000 Kgs/m?
0.075 cm 249 178 139 $.105 cm 1.685 Kgs/m2
0.202 cm 268 196 148 5.588 cm 2.380 Kgs/m®

ABOVE RESULTS BASED ON EQUATION 9

EFFECT OF IN-LINE GAP HEATING ON TPS REQUIREMENTS

ThICKESS INSULATION REQUIRED WEIGHT INCREASE
GAP 3.18cm | 5.08cm | 6.35 ¢m FOR BONDLINE BASED ON 177°C
WIOTH NOT TO EXCEED 177°C | BONDLINE TEMPERATURE
MAX, BONDLINE TEMP. - °C 177°C REQUIREMENTS
NO GAP 210 143 120 3.937 em 0.000 Kgs/m’
2.078 cm 228 157 133 4.394 cm 0.659 kgs/m’
0.203 cm 255 187 165 5.588 cm 2.380 Kgs/me

ABOVE RESULTS BASED ON EQUATION 25

(CORRELATION OF JSC 10 MW CHANNEL NOZZLE TESTS) TRAJECTORY

MAX. SURFACE TEMP,
SREEEREREE

= 1256%¢C

¥

2_sEC)

U

TeRMAL MODEL
- GAP WIDTH
,-— L1-900 TILE (INSULATION)

B/
i St o |
wm O

BN
Ysurrace (BTU/FT
w S

OCATION FOR RESPONSE COMPARISOM

.635 cm SPONGE (561 Kg/m])
+_.064 cm ADHESIVE

—

(=4

0.302 cm SMEARED ALUMINUM [710 |4 |8 12 6 20"
PaTaRRS S THoL ToRE [ [_TIME - WUNDREDS OF SECONDS

Figure 146
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8.0 CONCLUSIONS

The nature of convective heating on the surface and in the gaps between RSI

tiles on the Shuttle has been studied by an indepth program wherein data from NASA

tests facilities were assimilated, analyzed and correlated. The major conclusions
from the program follow.

vap heating data and test enviromments f om NASA facilities across the H
country were assimilated into a computerized data bank using a common data for-
mat. Information describing model configuration and instrumentation and boundary
layer flow parameters were merged into the data bank.
This permitted the access, analysis and correlation of all available data for
a particular gap configuration in an expeditious manner.

Heat Protection Ability of Candidate Joints ~ The series of RSI gap models

tested in the JSC 10 MW Channel nozzle provided insight about the heat protection
characteristics of candidate joints.

o The rate of bondline heat up varies directly as gap width

o Thin tiles experience higher gap heating than thick tiles

o Deep narrow gaps inhibit penetration of hot external flow

o Gaps wider than 0.127 cm experience significant convective heating

which may result in bondline overheating
0 3-D recirculation evident in gaps and out-flow in the transverse gap

emanates at tile intersection

o For wide gaps, contoured joints provide significantly greater heat pro-
tection than butt joints

o Reducing emittance on gap wall lowers gap temperature near top of gap, but
does not significantly lower bondline heat up rate

o For some models, the in-line gap experienced a higher bondline heat up rate
than the transverse gap

0o Inclined joint experienced higher heating in the in-line gap than the butt
joint

o The RSI filler block within the overlap block joined experienced high
heating

o Forward facing steps cause increased bondline heat-up for wide gaps whereas

an aft facing step results in low bondline heatup even for large gaps.

b s o7 sy e G
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The inverse solution technique was applied to results from nine RSI gap models

each tested at four gap width setting. Consistent heating distributions were ob-

tained by this technique. The heating distributions corroborated the conclusions

drawn from the "heat protection ability" investigation and quantified the effects.

The conclusions are:

o

o
o
o]

o

The level of convective heating drops off rapidly into the gap

Gap heating increases with gap width

Heating in the in-line gap 1is higher than in the transverse gap

Heating in the in-line gap is more sensitive to gap width than in the
transverse gap

Significant heating penetrates deeper into wide gaps

For wide gaps (W = 0.7 cm), q/qs near the top of the gap can be higher
then unity

For most conditions, increasing gap depth, lowers gap heating distribution
Forward facing steps distort gap heating distribution causing significant
increase in heating. The increase which results from boundary layer gas

recirculation may be an order of magnitude especially at wide gaps.

The tests performed in the wall of the CFHT provided valuable insight about
the effects of a thick turbulent boundary layer on gap heating.

o

(o)

Enhanced convective heating observed on the top of tiles

Tiles arranged in staggered patterns experience higher (1.32/1.18 = 1.12)
heating on top surface than in-line tiles

Heating pattern on top of tile is two dimensional and lowest near gap
Heating on top of t’le drops off drastically near trailing edge of tile
indicating local distortion of boundary layer flow

Heating pattern on tile top changes with gap width

Study of flow orientation indicates higher heating occurs at gap orienta-
tions other than 0° and 90°

Position of maximum gap heating shifts to tile corners as flow is rotated
Maximum heating in the gap is in the general location of maximum heating on
top of tile

Heating on tile with (0.254 cm) forward facing step increases to 1.82 over
calibration plate; for staggered tiles heating rates increase to 2.0 over
the calibration plate.
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0 Sensitivity study concluded that including thermal conduction in calculating

heating affects results. Near top of gap & 5% difference was obtained.
o Deep in the gap the accuracy of absolute temperature perturbed results.
The tests performed in the wall of the M = 8 V.D.T. provided insight about the
influence of Reynolds number and turbulent boundary layer heating on gap heating.
o Uniform heating on the top of the tiles occurred for both in-line and

staggered tile patterns

o High heating (h/hB = 3,65) was measured on the faces of staggered tile and
a hot spot (h/hB' 0.5) was observed which had a radius of 1.5 ecm. The
magnitude of heating is affected by unit Reynolds number

¢ For a transverse gap (in-line tiles} the upstream side of the gap ex-
perienced equal or higher heating than downstream side of gap. This same
type heating was observed for free stream tests. 3

Free stream tests in the M = 8 V,D.T. provided informati~a about effects of

laminar and transitional flow on gap heating. Increasing unit Reynolds number

caused the boundary layer to become transitional.
o Extremely high hecating measured in stagnation region of staggered tile during
free stream tests. The magnitade is affected by unit Reynolds number. i

Free stream tests in the Ames 3.5 foot H.W.T. provided additional insight about

effects of Reynolds number. heating near the gap and effects of gap orientation. ;
o Increasing unit Reynolds number caused the boundary ,
layer to become transitional “
o Heating on top of tile experienced perturbation near gap
o Heating near top of downstream side of gap was higher than upstream side
of gap
o For gaps with 30° and 60° flow orientation, heating ratio near gap surface

incregses as boundary layer becomes thinner. Boundary layer becomes thinner

as unit Reynolds number increases, Heating distribution near gap was similar
in shape to that measured in CFHT

o Heating on top of tile near gap increased along in~line gap similar to
that observed in CFHT tests.

E Boundary layer parameters were examined and several conclusions were derived.

o Exact boundary layer analysis gave excellent agreement with measured flat
plate heat transfer data

o Calipration data from LaRC M = 8 V.D.T. and Ames 3.5 foot H.W.T. are valld
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o Boundary layer parameters were accurately determined

o Flat plate calibration data (heat transfer, pressure and temperature pro-—
files through boundary layer) are an important part of any gap heating test.

Heating distvibutions measured in arc and wind tunneis were compared.

0 Laminar wind tunnel data agrees reasonably well with laminar arc tunnel
data

0 Turbulent wind tunnel data indicates turbulent boundary layers result in
higher heating in gaps than laminar boundary layers.

Available gap heating theories were examined ard it was concluded that simple

laminar theories are inaccurate and that turbulent theories do not exist.

From the correlation activities, relationships were obtained from 10 MW, CFHT
and M =_8 data.
o Correlation equations were obtained in terms of dimensional and non-
dimensional parameters (All Facilities)
o The independent variabies used in the correlations were:
oo Z (distance into the gap)
oo W (gap width)
oo T (gap depth)
oo Z/W, Zz, TZ, (Z/T)Z, W to a power
oo Z to a power of W
o0 Re (unit Reynolds number)
o0 Tw/Te (temperature ratio across the boundary layer)
o For flush tiles, the average heating on top of the tile increases with gap
width and Increases when flow orientation (y) is greater than 30°. (CFHT)
o Protruding tiles experience higher average heating than flush tiles while
recessed tiles have a lower average heating rate, (CFHT)
o Maximum heating on top of tile increases with gap width and increases more
significantly at (y) between 45° and 60°. (CFHT)
o Average heating in gaps around four sides of a tile (CFHT)
oo Average heating upstream side (2) of gap 1s insensitive to "y'" and "W
00 Average heating on downstream side of gap is fairly insensitive to "y"
and 1s a strong function of gap width.
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00 Average heating on downstream side of gap is much higher at all “'y"
when tile is protruding. Effect is less for upstream side of gap.

oo Recessing the tile, generally decreases average heating on tile sides

oo Heating distributions on side of tile are affected by "y".
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9.0 RECOMMENDATIONS

Although assimilation, analysis and correlation of available gap heating data
has been accomplished, many questions about gap heating as influenced by boundary
Following is a list
of some of the more important activities which need to be accomplished.

layer flow paramaters and gap geometry need to be resolved.

o Assessment of 2 and 3 dimensional effects of flow within gaps by adding

flow dams to test panels which employ fields of tiles
Evaluate heating data obtained from models with zero gaps.
Evaluate the effects of wall temperature on gap heating.

Evaluate the effect of tile edge radius on gap heating.

© ¢ ©o ©

Determine the effect of tile orientation, especially near 450 and in

laminar boundary layers

o Develop theoretical method for predicting gap heating for a turbulent
boundary layer.

o Incorporate results from 8 foot HTST, JSC 10 MW Laminar Duct, AMES 20 MW
Turbulent Duct, AMES 3.5 foot 1974 tests, AFFDL 50 MW Arc Tunnel, and
other gap heating data into data bank and correlate results.

o Continue evaluation of candidate correlations to improve fits and to
correlate larger data bank.

o Expand calculation procedure to include refined correlations and other

correlations subsequently developed.
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APPENDIX A
INVERSE SOLUTION

Convective heat in the gap between RSI .ies is computed‘using an "inverse

solution" technique which is automated on the General Heat Transfer Computer program.
In a standard transient solution, the hea* fluxes are sigplied as boundary conditions
and the nodal temperature ccuaputed. In the inverse solution, the measured temperatu .
histories recorded by the thermocouples are boundary conditions aud the required

heat fluxes are computed. To illustrate the functioning of the inverse soluti n
technique, a simple one dimensional heat conduction problem is setup in Figure A-1.
The bar is divided into three nodes witk node 1 located at an adiabatic boundary

and node 3 located at the boundary where the temperature history is known. The
required :eat flux is to be computed at the node 3 boundary. Thermal conduction

ar. ' heat storage terms are defined for the energy balance at each node. "A"

defines cross sectional area and "48" describes the time =+ep. The primed temper-
atures (Tl) are at the end of the time step. In the example, (T3l) is known and

(Tll’ TZl

Figure A-2 illustrates how the inverse solution works.

and q) are the unknown quanities obtained by sclving the matrix.
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APPENDIX B
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The units used in this volume are SI Units, except Section 2 where the raw

data presented was in Ernglish Units.

herein are given in the following table:

Conversion factors required for units uscd

Physical quantity u.s. Conversion SI Unit
Customary Unit factor
*)
Convective Heating Rate Btu/ftz—sec 1.134 x 104 Hatts/m2
vective Heat Tramsfer Coef- 1bm/ft2—sec 4.88 Kg/mz-s
ficient Based on Taw/T, = 0.895
thalpy Btu/lba 2.324 x 10° J/xg
t Transfer Coefficient Btu/ft2-sec-CF 2.042 x 10* Watts/m2-°C
th in. 2.56x102 | m
gth fe. 0.305 m
sure b/ £r2 47.88 N/n’
ressure Ibf/ £e? 47.88 x 10° | K/m®
ressure b/ fe? 47.88 x 10° | mN/a?
ynolds Number Re/ft 3.28 Re/m
(RHO V)1 Freestream Density - 1bm/ ftz-sec 4.88 Kg/mz-s
elocity Product
emperature ° 5/9 (°l-'-32) °c
emperature °F 5/9 (°F+460) °x

¥4ultiply value in U.S. Customary Unit by conversion factor tv obtain equivalent

value in SI Unit.
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